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      La diabetes post-trasplante (del inglés NODAT) es un desorden metabólico que 
afecta al 40% de los pacientes en tratamiento con inmunosupresores como la rapamicina 
(también conocido como sirolimus) ó la ciclosporina A. En los últimos años se ha 
investigado el efecto de los inmunosupresores sobre la acción de la insulina en tejidos 
periféricos como el músculo esquelético, el hígado y el tejido adiposo blanco. Sin 
embargo, el efecto de los inmunosupresores sobre las acciones de la insulina y la 
termogénesis en el tejido adiposo marrón (BAT) no ha sido estudiado. 
En esta Tesis Doctoral hemos analizado el impacto de la rapamicina en la 
señalización de la insulina, en la expresión de genes termogénicos y en la respiración 
mitocondrial en los adipocitos marrones. Los adipocitos marrones tratados durante 16 
horas con rapamicina presentaban disminuída la expresión proteica de IRS1 (sustrato 
del receptor de la insulina 1) y la fosforilación de Akt (proteína kinasa B) mediadas por 
la insulina. En consecuencia, la translocación de GLUT4 a la membrana plasmática y la 
captación de glucosa disminuían en presencia de rapamicina. También detectamos una 
activación temprana de la proteína quinasa JNK, así como un incremento en la 
fosforilación del residuo Serina 307 del IRS1. Además, encontramos que los efectos 
negativos de la rapamicina en la señalización de la insulina en los adipocitos marrones 
se revertían parcialmente con un inhibidor de JNK. Experimentos in vivo evidenciaron 
que ratas tratadas durante 3 semanas con rapamicina presentaban anulada la 
fosforilación de Akt mediada por insulina en el BAT. En relación con la función 
termogénica de los adipocitos marrones, hemos demostrado que la rapamicina inhibe la 
cascada de señalización inducida por norepinefrina (NE) o por el agonista adrenérgico 
β3 CL316243 tal como revelaba el análisis de la fosforilación de HSL (hormona 
sensible a hormonas), la liberación de glicerol y de ácidos grasos libres,  la expresión de 
PGC-1α (coactivador 1α del receptor nuclear PPARγ) y los niveles de UCP1 (proteína 
desacoplante 1). Además, el tratamiento con rapamicina de los adipocitos marrones 
disminuyó la respiración basal mitocondrial, el flujo de protones y la capacidad máxima 
respiratoria. Por último, la actividad de la desiodasa-2 se inhibió en los adipocitos 
marrones tratados con rapamicina, indicando que la acción de las hormonas tiroideas 
sobre la termogénesis también se veía negativamente afectada por la rapamicina.  
Como conclusión, este trabajo demuestra que los adipocitos marrones son células 
diana del efecto de la rapamicina, sugiriendo que la resistencia a la insulina en el BAT 



















New onset diabetes after transplantation (NODAT) is a metabolic disorder that affects 
40% of patients on immunosuppressive agents (IA) treatment such as rapamycin (also 
known as sirolimus) or ciclosporin A. IAs negatively modulate insulin actions in 
peripheral tissues including skeletal muscle, liver and white fat. However, the effects of 
IAs on insulin sensitivity and thermogenesis in brown adipose tissue (BAT) have not 
been investigated. We have analyzed the impact of rapamycin on insulin signaling, 
thermogenic gene-expression and mitochondrial respiration in BAT. Treatment of brown 
adipocytes with rapamycin for 16 h significantly decreased insulin receptor substrate 1 
(IRS1) protein expression and insulin-mediated protein kinase B (Akt) phosphorylation. 
Consequently, both insulin-induced glucose transporter 4 (GLUT4) translocation to the 
plasma membrane and glucose uptake were decreased. Early activation of the N-terminal 
Janus activated kinase (JNK) was also observed, thereby increasing IRS1 Serine 307 
phosphorylation. These effects of rapamycin on insulin signaling in brown adipocytes 
were partly prevented by a JNK inhibitor. In vivo treatment of rats with rapamycin for 
three weeks abolished insulin-mediated Akt phosphorylation in BAT. Rapamycin also 
inhibited norepinephrine (NE) or CL CL316243-induced HSL phosphorylation and 
lipolysis, the expression of peroxisome proliferator-activated receptor γ coactivator 1α 
(PGC-1α) and uncoupling protein 1 (UCP-1) in brown adipocytes. Importantly, basal 
mitochondrial respiration, proton leak and maximal respiratory capacity were 
significantly decreased in brown adipocytes treated with rapamycin. Also, the analysis of 
type II deiodinase enzymatic activity revealed that it was decreased by rapamycin, 
indicating that the effect of thyroid hormones in brown adipocytes was negatively 
affected by rapamycin.  
In conclusion, we have demonstrated for the first time the important role of brown 
adipocytes as target cells of rapamycin, suggesting that insulin resistance in BAT might 
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1. EL TEJIDO ADIPOSO 
El tejido adiposo, cuyas células principales son los adipocitos, es un órgano 
ampliamente desarrollado tanto en hombres como en mujeres, alcanzando un peso de 3-
4.5 kg en individuos sanos, pero pudiendo llegar hasta 45 kg en personas con obesidad 
severa (Tran y Kahn, 2010). Sin embargo, solo un tercio del tejido adiposo está 
compuesto por adipocitos maduros funcionales, mientras que el resto del tejido lo 
conforman vasos sanguíneos, células endoteliales, preadipocitos, fibras nerviosas, 
macrófagos y tejido muscular. 
Todo organismo requiere energía para llevar a cabo sus funciones vitales y, por ello, 
es necesario poder almacenarla para su utilización cuando sea necesario. Hasta hace 
pocos años se consideraba que la función principal del tejido adiposo era la de 
almacenar energía en forma de lípidos en los adipocitos. Sin embargo, actualmente se 
sabe que el tejido adiposo no tiene únicamente esta función, sino que también ejerce un 
papel relevante en la regulación de la temperatura corporal, así como del metabolismo 
energético sistémico y, que además, es un órgano endocrino (Trayhurn, 2005). Estas 
funciones son posibles debido, en parte, a la gran vascularización que presenta este 
tejido (Honek et al., 2014), a la inervación simpática (Bartness et al., 2010) y a los 
nódulos linfoides que están relacionados con funciones inmunológicas vinculadas al 
tejido adiposo. 
Distinguimos dos tipos principales de tejido adiposo: el blanco y el marrón. Ambos 
deben su denominación a la coloración que presentan y su localización, función y 
morfología son diferentes. De hecho, sus funciones principales son opuestas: el tejido 
adiposo blanco (WAT, del inglés white adipose tissue) se encarga de almacenar la 
energía en forma de triglicéridos (TAGs) que son procesados por las lipasas durante la 
lipolisis, proceso que permite la liberación de los ácidos grasos libres (FFAs) a la 
circulación para ser transportados a otros tejidos donde serán metabolizados Por el 
contrario, el tejido adiposo marrón (BAT, del inglés brown adipose tissue) utiliza los 
lípidos acumulados para obtener energía en forma de calor en el proceso conocido como 
termogénesis sin tiriteo o “non-shivering thermogenesis” (Cinti, 2012) y su coloración 







Figura 1. Morfología diferencial entre los adipocitos marrones (a) y los adipocitos 
blancos (b). En las imágenes se observa como los adipocitos marrones presentan múltiples 
gotas lipídicas en su citoplasma mientras que en los adipocitos blancos el citoplasma está 
ocupado mayoritariamente por una única gran gota lipídica. (Adaptado de  Smorlesi et al., 2012) 
 
1.1 Tejido Adiposo Blanco 
El tejido adiposo blanco (WAT) es conocido clásicamente por almacenar lípidos en 
forma de TAGs. Tiene una localización amplia dentro del organismo en depósitos que 
varían según las especies. En la especie humana encontramos un marcado dimorfismo 
sexual: en los varones se localiza en la nuca, tríceps, deltoides y región abdominal, 
mientras que en las mujeres abunda en el pecho, muslos y nalgas (Paniagua Gómez-
Álvarez, 2004). Además, también hay dimorfismo sexual en cuanto a la cantidad de 
tejido, pudiendo representar entre el 9-18% del peso corporal en hombres y entre el 4-
28% en mujeres (Moreno, 2005).  
De forma general podemos clasificar el WAT en subcutáneo o visceral según su 
localización anatómica (Smith et al., 2001; Gesta et al., 2007), manifestando ambas 
localizaciones diferencias funcionales, metabólicas y endocrinas. Así, un aumento del 
WAT visceral se asocia con alteraciones metabólicas, principalmente dislipemia y 
resistencia a la insulina que puede conducir al desarrollo de diabetes mellitus tipo II 
(Misra et al., 1997) y a un mayor riesgo de daño cardiovascular. Por el contrario, un 
aumento de la grasa subcutánea se relaciona con una mejor sensibilidad a insulina (Oh 





Los adipocitos blancos son células de gran tamaño (hasta 200 µm de diámetro), 
redondeadas y capaces de aumentar su volumen para albergar una única gota de grasa 
en su citoplasma. Cuando están cargados de lípidos, su núcleo queda desplazado hacia 
la membrana plasmática, al igual que el resto de orgánulos (Figura 1). Estas células 
presentan pocas mitocondrias (Luo y Liu, 2016) y la inervación simpática 
noradrenérgica contacta directamente con los capilares, no con la membrana plasmática 
de los adipocitos (Bartness y Bamshad, 1998), mientras que en el BAT dicha inervación 
llega a la membrana plasmática del adipocito (De Matteis et al., 1998). 
Además de su función de almacenaje, el WAT es reconocido por su  papel de 
aislante térmico y de soporte para estructuras como la piel y los tegumentos (Ali et al., 
2013). Así mismo, cada vez queda más patente su papel como órgano endocrino debido 
a la secreción de hormonas (denominadas adipoquinas) como la adipsina, leptina, 
adiponectina, resistina y citoquinas, entre otras moléculas. (Rodríguez et al., 2015; 
Frühbeck et al., 2001). 
 
1.2 Tejido Adiposo Marrón 
El tejido adiposo marrón (BAT) es menos conocido aunque en las últimas décadas 
su estudio está siendo muy exhaustivo. Clásicamente su presencia se asociaba a 
animales hibernantes (Cannon y Nedergaard, 1986) y a mamíferos neonatales puesto 
que su función es la de proporcionar calor y así mantener la temperatura corporal de las 
crías recién nacidas hasta que su metabolismo alcanza la capacidad de regularla 
adecuadamente. Cuando este tejido no se activa sufre una involución perdiendo su 
función termogénica.  Por tanto, hasta hace pocos años se consideraba que el BAT era 
un tejido únicamente fundamental para mantener la temperatura en animales 
hibernantes, pequeños mamíferos y en la etapa neonatal de los mamíferos, en especies 
como la humana (Cannon y Nedergaard, 1986), pero su papel en el adulto era 
desconocido. Sin embargo, diversos grupos de investigación buscaron técnicas para 
intentar detectar depósitos de BAT en adultos y comprobar que este se encontrase activo 
(Nedergaard et al., 2007). De esta manera, se encontró BAT en niños recién nacidos 
(Lean, 1989), en pacientes con feocromocitomas (Riquier et al., 1982; Fukuchi et al., 
2004) y también en adultos expuestos al frio de modo constante (Huttunen et al., 1981). 





Marken Lichtenbelt  et al., 2009; Virtanen  et al., 2009) en los que se evidenciaba la 
presencia de depósitos activos de BAT en individuos adultos (Figura 2). Su localización 
es semejante a la encontrada en animales hibernantes: en la zona interescapular, en  
depósitos axilares, cervicales, perirrenales, inguinales, rodeando la glándula tiroides, la 
tráquea y el esófago, a ambos lados de la columna vertebral, sobre el corazón y riñón y 
en torno a grandes vasos como la aorta (Hany et al., 2002; Cannon y Nedergaard, 2004; 
Becker et al., 2016). Esta distribución permite exportar el máximo calor generado en el 
BAT y así calentar los órganos vitales como el corazón y riñones. En uno de estos 
estudios se encontraba  un leve dimorfismo sexual ya que parecía que las mujeres 
presentaban una mayor masa de BAT y con mayor actividad. Asimismo, la actividad del 
tejido era inversamente proporcional a la edad del individuo y a su índice de masa 
corporal, por lo que podría haber una correlación inversa entre obesidad y actividad del 
BAT (Cypess  et al., 2009). Además, en otro estudio se observó que el BAT estaba más 
activo a temperaturas bajas (van Marken Lichtenbelt  et al., 2009), por lo que se 
afirmaba su papel fundamental en la termorregulación. 
 
 
Figura 2.  Activación metabólica del BAT supraclavicular. En adultos se analizó la 
activación del BAT mediante tomografía por emisión de positrones (PET) combinada con 
tomografía computarizada (CT), previa administración al paciente del trazador 
18
F-
fluorodesoxiglucosa (18F-FDG). Se observó una mayor captación de glucosa en la región 











El BAT está formado por adipocitos marrones, cuya morfología es distinta a la de 
los adipocitos blancos: albergan en su citoplasma múltiples gotas lipídicas de menor 
tamaño que rodean el núcleo y los orgánulos celulares y son fácilmente accesibles 
(Saely et al., 2012) (Figura 1). Además, los adipocitos marrones presentan un gran 
número de mitocondrias con las crestas de la membrana interna muy desarrolladas 
(Trayhurn y Nicholls, 1986). Tienen forma poliédrica y su diámetro oscila entre 20-45 
µm; en la membrana plasmática presentan receptores adrenérgicos y el estímulo 
principal para su activación se produce por la vía simpática, en concreto mediante la 
norepinefrina (NE) (Martinez-de Mena y Obregón, 2005). El BAT presenta elevada 
vascularización que es muy necesaria para el intercambio de calor (Bargut et al., 2016) 
y de moléculas entre este tejido y el resto del organismo: hormonas, oxigeno, 
catecolaminas. De hecho, estudios recientes muestran la importancia del factor de 
crecimiento del endotelio vascular (VEGF) para el correcto desarrollo y funcionamiento 
del BAT (Bagchi et al., 2013).  
 
 
Como se ha mencionado, la función principal del BAT es la generación de energía 
en forma de calor evitando el tiriteo (non-shivering thermogenesis). Esto se consigue 
desacoplando la fosforilación oxidativa y la cadena de transporte de electrones de la 
membrana interna de la mitocondria, en respuesta a la NE, de modo que al final de la 
misma se genere calor en lugar de ATP. La proteína encargada de dicho 















Figura 3. Vía de activación de la UCP1 en el BAT. Los receptores térmicos cutáneos 
detectan el frío, activan el hipotálamo y se pone en marcha el sistema simpático liberando NE 
que activa los receptores adrenérgicos de tipo β3 (ADRβ3) en el adipocito marrón. Esto provoca 
la liberación de FFAs en el citoplasma por activación de las lipasas, mediada por la proteína 
quinasa A (PKA) (Ravnskjaer et al., 2015), que activan a la UCP1 para desacoplar la cadena de 
transporte electrones y obtener energía en forma de calor. (Adaptado de Cannon y Nedergaard, 
2004). Además, estudios moleculares han demostrado que la  PKA fosforila a la p38-MAPK 
(Proteína quinasa activada por mitógenos p38) que conduce a la activación del factor de 
transcripción PGC1α (Coactivador de PPARγ-1α ) en el núcleo y esto se traduce en un aumento 
de la biogénesis mitocondrial y en la inducción de la transcripción del gen Ucp1 (Cao et al., 
2004; Betz y Enerbäck, 2015). 
 
Estudios realizados en el BAT de roedores durante el periodo perinatal han revelado 
que la diferenciación de los adipocitos marrones comprende un programa de 
diferenciación adipogénica que conlleva un  aumento de las enzimas que sintetizan 
lípidos como la ACC (Acetil CoA carboxilasa) y la FAS (Ácido graso sintasa) y un 





termogénesis (PGC1-α, UCP1 entre otras). A medida que avanza el desarrollo 
intrauterino, el preadipocito marrón pierde la capacidad de dividirse y comienza a 
sintetizar lípidos, transcribiéndose los genes que codifican para los enzimas lipogénicos 
(Fasn, Acc, Me (Enzima málica)) (Lorenzo et al., 1988), aumenta el número y tamaño  
de las mitocondrias y éstas desarrollan múltiples crestas en la membrana interna (Cinti, 
2001), aumenta la expresión del gen Ucp1 (Porras et al., 1989) y, finalmente, en el 
momento del nacimiento el BAT se encuentra plenamente funcional. 
Otro marcador característicocaracterístico del BAT y que es clave para su 
diferenciación es la proteína PRDM16 (Proteína que contiene el dominio 16, del inglés 
homologous domain-containing protein-16). Se trata de  un factor de transcripción 
ampliamente expresado en el BAT, no así en el WAT de tal manera que si un 
preadipocito expresa PRDM16 se promueve la inducción de PGC1α, UCP1 y Desiodasa 
2 (Dio2). En ratones en los cuales se sobreexpresaba PRDM16 se observó la 
estimulación de los adipocitos marrones. Por el contrario, al silenciar este factor de 
transcripción mediante RNA de interferencia se provocó una disminución casi completa 
de las características propias del adipocito marrón (Seale et al., 2007). PRDM16 
también se ha identificado en adultos humanos, lo que vuelve a corroborar la presencia 
de este tejido y su actividad a lo largo de toda la vida (Virtanen  et al., 2009; Lidell et 
al., 2013). 
También son marcadores propios de BAT la LPL (Lipoproteína lipasa), Dio2 que 
regula la concentración de T3 (Triiodotironina) que está presente en el tejido adiposo 
marrón (Obregón, 2014), BMP7 (Proteína morfogenica del hueso 7) que como se 
detalla a continuación promueve la diferenciación de los adipocitos marrones (Ravussin 
y Galgani, 2011). 
En los últimos años se ha estudiado el origen del WAT y BAT, identificándose los 
marcadores propios de cada uno de ellos (Gesta et al., 2007; Timmons et al., 2007). 
Estos trabajos han establecido que los adipocitos blancos y marrones no tienen un linaje 
común, ya que los adipocitos marrones provienen de células progenitoras Myf5
+  
(Factor 
de transcripción miogénico 5), al igual que los mioblastos, pero no así los adipocitos 
blancos que son Myf5
-
 (Sanchez-Gurmaches y Guertin, 2014). Para la diferenciación de 
los precursores Myf5
+
 a los adipocitos marrones se requiere del factor BMP7, que a su 





PRDM16 se une a PGC1α, PPARγ (Receptor γ activado por proliferadores de 
peroxisomas) y otros miembros de la familia de los C/EBPs (Proteina de unión a 
secuencias amplificadoras CCAAT) aumentando la transcripción de éstos y así 
promoviendo la diferenciación hacia el fenotipo de adipocitos marrones (Ravussin y 
Galgani, 2015). A nivel molecular, BMP7 activa a p38-MAPK promoviendo la 
biogénesis mitocondrial por lo que se acentúa así la funcionalidad del tejido (Lin et al., 
2014). De esta manera, el BAT está plenamente activo al nacer, puesto que como se ha 
indicado anteriormente su función es clave en esos primeros momentos de vida 
postnatal (Obregón et al., 1987). Por el contrario,  el WAT empieza a diferenciarse 
durante la gestación, alcanzando su máximo desarrollo en época postnatal (Gesta et al., 
2007). Por último, también es importante destacar el papel  de la T3 en el proceso de 
diferenciación de los adipocitos marrones y en la activación del gen Ucp1 a nivel de su 
promotor (Obregon et al., 1987; Rabelo et al., 1997).  
 
1.3 Papel del BAT en el control metabólico mediado por la insulina 
 
Además de la función termogénica, el BAT desempeña un papel importante en la 
regulación de la homeostasis metabólica y del balance energético del organismo. Dentro 
del propio BAT, en relación al metabolismo lipídico, se sabe que una activación aguda a 
través de los  receptores ADRβ provoca un aumento de los niveles de AMP cíclico 
(AMPc) que a su vez inducen la activación de la lipolisis por medio de la fosforilación y 
activación de la HSL (lipasa sensible a hormonas) causando la liberación de FFAs. 
Como se ha indicado, éstos son utilizados como sustratos para la respiración 
mitocondrial, al ser oxidados, resultando en la activación de la UCP1 (Trayhurn y 
Milner, 1989). 
Respecto al metabolismo glucídico, se conoce que el BAT es sensible a la insulina 
en relación con la captación de glucosa (Valverde et al., 2005), aunque hay estudios que 
también demuestran que los adipocitos marrones son capaces de utilizar la glucosa sin 
necesidad de ser estimulados por insulina, sino por la NE vía receptores ADRβ3 
(Inokuma et al., 2005), lo que provoca una captación de glucosa mediante el 
transportador  GLUT1, en lugar de GLUT4 que es la isoforma sensible a la insulina 





La señalización de la insulina en los diferentes tejidos periféricos es crucial para una 
correcta homeostasis glucídica del organismo. En los últimos años se han definido los 
nodos principales donde esta ruta puede verse alterada y/o modulada (Figura 4): a nivel 
de receptor de insulina (IR) en la membrana citoplasmática, en la unión con las 
proteínas sustrato del receptor de la insulina (IRSs), en la activación de la fosfatidil-
inositol 3-quinasa (PI3K) o en la activación de la proteína quinasa B (Akt) (Taniguchi et 
al., 2006). El establecimiento de estos nodos críticos de la señalización de la insulina ha 
sido posible gracias a la generación de modelos murinos genéticamente modificados 
donde estas proteínas se encontraban eliminadas o sobreexpresadas. 
Tras la unión de la insulina, el  IR fosforila a las proteínas IRS (principalmente 1 y 
2) en múltiples residuos tirosina (Tyr). Las proteínas IRS son proteínas embarcadero 
(del inglés docking protein) y que a su vez activan dos vías de señalización paralelas: la 
vía de la PI3K-Akt (responsable de las acciones metabólicas de la insulina) y la vía de 
Ras/MAPK (que regula la expresión de genes relacionados con el control del 
crecimiento celular y la diferenciación) (Avruch, 1998). Tanto el IR como el IRS1 son 
regulados negativamente por la proteína tirosina fosfatasa 1B (PTP1B) al ser 
defosforilados en residuos Tyr claves en el dominio catalítico del IR ó en los residuos 
de unión a la PI3K en el caso del IRS1 (Ramachandran y Kennedy, 2003). Trabajos 
realizados en modelos in vivo en ratones deficiente en el gen Ptpn1 han demostrado una 
mejora de la señalización en la cascada de la insulina tanto en el hígado como en el 
músculo esquelético (Haj et al., 2005; González-Rodríguez et al., 2012).  Las proteínas 
de la familia SOCS (Proteínas supresoras de la señalización de citoquinas), 
particularmente SOCS3, cuya expresión se incrementa tras el tratamiento con 
citoquinas, también regulan negativamente la ruta de señalización de la insulina 
interfiriendo con la interacción del IR con IRS1 (Emanuelli et al., 2001). 
La fosforilación en residuos serina (Ser) del IRS1 es otro punto clave en la 
regulación negativa de la señalización de la insulina. La activación de ciertas proteínas 
Ser/Treonina (Thr) quinasas en respuesta a estímulos de estrés metabólico como ERK 
(Quinasa regulada por mitógenos), S6K1 (Proteína quinasa ribosomal S6 ) y JNK 
(Quinasa c-Jun N-terminal), que además se activan también en respuesta a la insulina,  
conduce a la fosforilación del IRS1 en residuos Ser, como mecanismo de 





de conformación del IRS1 que impide su fosforilación en residuos Tyr mediada por el 
IR (Aguirre et al., 2000; Copps y White, 2012). 
Además de la regulación negativa sobre la cascada de la insulina mediada por 
fosforilación en Ser del IRS1, también se ha descrito una regulación negativa por 
modulación de sus niveles proteicos. Se sabe que niveles bajos del IRS1 en tejido 
adiposo blanco son indicadores de resistencia a la insulina (Carvalho et al., 1999; 
Hirashima et al., 2003). Ratones deficientes en el gen Irs1 presentan alterada la ruta de 
la señalización de la insulina en músculo esquelético y desarrollan resistencia a la 
insulina (Araki et al., 1994). Además, los preadipocitos marrones inmortalizados 
procedentes de estos animales son incapaces de alcanzar su diferenciación terminal 
(Fasshauer et al., 2001; Tseng et at., 2005). Estos y otros estudios relevantes que se 
detallarán a lo largo de esta Tesis han evidenciado que el IRS1 es una molécula clave en 
la transducción de la señal de la insulina en los adipocitos marrones (Valverde et al., 
1999).  
 El siguiente nodo crítico de la ruta de señalización de la insulina es la regulación de 
la PI3K, enzima que fosforila el fosfolípido de membrana PIP2 (fosfatidilinositol  4,5 
bisfosfato) generando el segundo mensajero PIP3 (fosfatidilinositol 3, 4 ,5 trifosfato). El 
PIP3 se une a proteínas con dominio PH, entre las que se encuentra la PDK1 (Quinasa 
tipo 1 dependiente de fosfoinositidos) que es la proteína responsable de activar Akt 
mediante fosforilación de dicha quinasa en el residuo Thr  308 (Alessi et al., 1997). A 
continuación, se requiere también la fosforilación del residuo Ser 473 de Akt para una 
completa activación. Se postula que la proteína Rictor del complejo mTOR podría ser la 
encargada de fosforilar el residuo Ser 473 de PDK1 en adipocitos y otros tipos celulares 
(Sarbassov et al., 2005). 
La fosforilación de Akt regula diversas acciones metabólicas, relacionadas con la 
insulina, induciendo la fosforilación de sucesivas proteínas de la cadena de señalización. 
En relación con el tema de estudio de esta Tesis, se conoce que Akt fosforila al 
inhibidor de mTOR (del inglés Mammalian target of rapamycin) TSC2 (Complejo de 
esclerosis tuberosa tipo 2) inhibiéndola a su vez y provocando así la activación del 
complejo mTOR (Harris y Lawrence, 2003). Una vez activado mTOR, éste regula la 





transcripción 4EBP (Proteína de unión del factor eucariótico de inicio de la traducción) 
(Figuras 4 y 6). 
 
Figura 4. Ruta de la señalización de la insulina. La insulina se une  al IR, que a su vez se 
activa por autofosforilación en residuos Tyr y se une con las proteínas IRS  (nodo A). En 
consecuencia, se activa la PI3K (nodo B) y finalmente la Akt (nodo C) que es moduladora del 
crecimiento y supervivencia celular, la síntesis proteica, el transporte de glucosa al interior de la 
célula por el transportador GLUT4 y la síntesis de glucógeno (Adaptado de Taniguchi et al., 
2006). 
Cabe destacar que la importancia del IR en la señalización de la insulina en el BAT 
se demostró mediante la generación de ratones deficientes para el IR que presentan una 
disminución de la masa del BAT interescapular y una disminución a la tolerancia a la 
glucosa debido a un defecto en la secreción de la insulina. Estos resultados han 
evidenciado que el IR es necesario tanto para el desarrollo del BAT como para mantener 
la homeostasis glucídica del organismo (Guerra et al., 2001). Además, un estudio 
posterior demostró que estos ratones cuando se alimentan con una dieta rica en grasa 
presentan un aumento de la adiposidad visceral y un aumento de la secreción de 





2. EL COMPLEJO mTOR  
El complejo mTOR es una proteína con actividad Ser/Thr quinasa de 2549 
aminoácidos y 290 kDa (revisado por Hay y Sonenberg, 2004; Fingar y Blenis, 2004) 
que controla la síntesis proteica y la proliferación celular. Su cascada de señalización 
está involucrada en procesos metabólicos relacionados con la adipogénesis (Fernandez-
Veledo et al., 2013) y se sabe que está desregulada en pacientes con obesidad y diabetes 
tipo II (Laplante y Sabatini, 2009).  
mTOR es el componente principal de los complejos multiproteicos mTORC1 
(Complejo 1 de la diana de rapamicina en células de mamífero), vinculado con el estado 
energético de la célula, factores de crecimiento, niveles de oxigeno y aminoácidos y 
mTORC2 (Complejo 2 de la diana de rapamicina en células de mamífero), activado por 
factores de crecimiento y encargado de la regulación de la supervivencia celular, 
organización del citoesqueleto y metabolismo celular. mTOR posee un dominio 
catalítico flanqueado por las regiones FAT (FRAP, ATM, TRRAP) y FATC (FAT C-
terminal) cerca de su región C-terminal, siendo el dominio FAT donde se localizan los 
sitios de interacción con el complejo FKBP12-rapamicina (Proteina de unión a FK de 
12 kDa) (Stan et al., 1994) y con Rheb (Ras homolog enriched in brain). En el extremo 
N-terminal se localizan secuencias conservadas de α-hélice donde se encuentran los 
sitios de interacción con Raptor (Regulatory-associated protein of mTOR) y Rictor 
(Rapamacyn-insensitive companion of mTOR). 
El complejo mTORC1 presenta los siguientes componentes: mTOR que es la 
subunidad catalítica, Raptor que es una proteína reguladora y ensambla todo el 
complejo, mLST8 (Mammalian lethal with SEC13 protein 8), PRAS40 (sustrato de Akt 
de 40 kDa, rico en prolina) y Deptor (DEP-domain containing mTOR-interacting 
protein), siendo estos últimos los responsables de la regulación negativa de mTORC1 
(Wang et al., 2007; Peterson et al., 2009). En presencia de nutrientes y factores de 
crecimiento, la proteína PRAS40 está fosforilada e inhibida por Akt lo que implica una 
mayor actividad de mTORC1 (Sancak et al., 2007). 
El complejo mTORC2 está compuesto por las proteínas Rictor, mSIN1 (Mammalian 
stress-activated protein kinase interacting protein) (estas dos proteínas se estabilizan 





(regulador negativo de la actividad del complejo) y LST8 (Dibble y Cantley, 2015) 
(Figura 6). 
Las proteínas que forman parte de la cascada de señalización de la insulina, como 
IR, IRS1, PI3K y Akt, son reguladores de los subcomplejos de mTOR. De hecho Akt 
fosforila a mTORC2 provocando su inhibición y activando así a mTORC1 (Inoki et al., 
2002). A su vez, esta activación de mTORC1 reprime la señalización de la insulina 
limitando la activación de Akt mediante la fosforilación de la proteína S6K1 
(Harrington et al., 2005) que tal como se ha indicado anteriormente es capaz de 
fosforilar el IRS1 en el residuo Ser 307 (Um et al., 2004) alcanzado así una 
autorregulación mediante retroalimentación negativa. Así, la activación sostenida de 
S6K1 produce una inhibición de la cascada de señalización de IRS1-PI3K provocando 
resistencia a la insulina. Estudios en ratones deficientes en la proteína S6K1 han 
demostrado que éstos presentan mayor sensibilidad a insulina, no desarrollan obesidad 
cuando se alimentan con una dieta rica en grasa y sus depósitos de grasa están 
disminuidos (Um et al., 2004). 
Uno de los mecanismos reguladores negativos de la actividad del complejo 
mTORC1 es el complejo de esclerosis tuberosa o TSC que es un heterodímero 
compuesto por TSC1 y TSC2. A su vez, TSC2 es capaz de activar a la actividad 
GTPasa intrínseca de Rheb, inactivándolo (Long et al., 2005) y, por tanto, inhibiendo la 
actividad de mTORC1 ya que se necesita que Rheb esté ligado a GTP y por tanto 
activo. 
S6K1 es una Ser/Thr quinasa activada por PI3K y Akt (Chung et al., 1994) y tiene 
una función primordial en la síntesis proteica y en el crecimiento celular  mediada por 
mTOR. S6K1 posee un dominio de activación y un dominio hidrofóbico similares a los 
de Akt y su activación depende de la fosforilación de la Thr 389 (en el dominio 
hidrofóbico) llevada a cabo por mTORC1 (Pearson et al., 1995). Esta activación de 
S6K1 parece ser la responsable del crecimiento y progresión del ciclo celular (Fingar et 
al., 2004). Por otro lado, como la activación prolongada de S6K1 produce la inhibición 
de la cascada de la señalización de la insulina a nivel de  IRS1-PI3K provocando 
resistencia a insulina, es necesario un control muy fino tanto de la intensidad como de la 
duración de la cascada de la insulina puesto que se trata de una compleja red de 





Se ha demostrado que en el BAT mTORC2 es necesario para la captación de 
glucosa vía estimulación adrenérgica (Olsen et al., 2014) debido a un aumento en la 
transcripción del transportador de glucosa GLUT1 y a su síntesis de novo por aumento 
de los niveles de AMPc,  lo que provocaría su translocación a la membrana plasmática. 
De igual manera, el tratamiento crónico con la rapamicina inhibe también al 
subcomplejo mTORC2 (Sarbassov et al., 2006) impidiendo la captación de glucosa 
mediada por la estimulación adrenérgica. 
Otro aspecto importante a destacar es el papel del complejo mTOR en la 
diferenciación adipogénica mediante la inducción de Akt. De hecho, el tratamiento con 
rapamicina, al inhibir mTORC1, provoca el mismo efecto con respecto a la  incapacidad 
de diferenciación de los preadipocitos marrones que una reducción en los niveles de 
ARNm de PPARγ (Zhang et al., 2009). Cabe señalar que la rapamicina es un inhibidor 
agudo de mTORC1 pero no así de mTORC2 aunque algunos autores cuestionan dicha 
especificidad (Zeng et al., 2007).   
 
3. EFECTO DE LOS INMUNOSUPRESORES SOBRE LA SENSIBILIDAD 
A LA INSULINA: DIABETES DE NUEVA GENERACIÓN POST-
TRANSPLANTE (NODAT). 
Los inmunosupresores son compuestos ampliamente utilizados en pacientes 
sometidos a trasplantes y otras patologías como el cáncer. Aunque son beneficiosos para 
estos estados puntuales de salud, de forma general los agentes inmunosupresores (AIs) 
provocan en el organismo una desregulación del metabolismo que se manifiesta en 
dislipidemia, hipertensión y diabetes de nueva generación post-trasplante (NODAT, del 
inglés New Onset of Diabetes after Transplant) (Galindo et al., 2016). Como se 
detallará más adelante, en la actualidad el término NODAT hace referencia a un 
conjunto de alteraciones en el metabolismo de la glucosa que se asemejan a la diabetes 








Uno de los inmunosupresores de amplio uso en la clínica es la rapamicina o 
sirolimus (Figura 5). Esta molécula es un ligando del complejo mTOR y ha desplazado 
en su uso clínico a otros fármacos debido a que minimiza efectos secundarios como 
neurotoxicidad, dilipidemia e hipertensión (Mota, 2005), aunque aumenta el riesgo de 




Figura 5. Estructura molecular de rapamicina o sirolimus. Esta molécula se extrae del 
hongo Streptomyces hygroscopicus e inhibe el complejo mTOR (Adaptado de Fuhrmann et al., 
2014)  
 
Fue precisamente la rapamicina la molécula que permitió diferenciar los 
subcomplejos de mTOR. Tras penetrar en la célula, se une al receptor citoplasmático 
FKBP12 e interacciona con el dominio FRB de mTORC1 (Guertin y Sabatini, 2009). 
En tratamientos agudos mTORC1 es más sensible a rapamicina que mTORC2, aunque 
como se mencionará más adelante, estos datos son controvertidos. En cualquier caso lo 
que está comprobado es que rapamicina inhibe la actividad de la proteína quinasa S6K1 
porque evita su fosforilación mediada por mTORC1 en el residuo Thr 389 (Pearson et 
al., 1995) (Figura 6). 
Sitio de unión  
a FKBP12 







Figura 6. Modelo de la regulación y efectos de complejo mTOR (Huang et al., 2009). 
 
A diferencia de otros AIs, la rapamicina no inhibe la calcineurina sino que se une a 
FKBP12 formando un complejo que bloquea a su vez al complejo mTORC1 que 
además de las funciones celulares descritas anteriormente regula procesos importantes 
en las células del sistema inmune impidiendo, por ejemplo, la proliferación de los 
linfocitos T (Guertin y Sabatini, 2009). Cabe señalar por otra parte los AIs inhibidores 
de calcineurina (que se pueden administrar a los pacientes combinados con la 
rapamicina), que actúan inhibiendo esta enzima lo que provoca que no se active la IL-2 
y disminuya el crecimiento y la diferenciación de linfocitos T (Lopes et al., 2013).   
Respecto al metabolismo lipídico, el uso de rapamicina provoca dislipemias (Lopes 
et al., 2014a) ya que la inhibición de mTORC1 con rapamicina impide la fosforilación 
de Akt y por tanto la síntesis lipídica de novo (Porstmann et al., 2005). En referencia al 
metabolismo de la glucosa y las acciones insulínicas, se conoce que la rapamicina 
provoca un descenso de la sensibilidad a insulina en tejidos periféricos como el musculo 
esquelético, hígado y WAT (esta última referencia a WAT es aplicable a roedores y a 





en los adipocitos blancos indicando todo ello que rapamicina tiene un papel importante 
en la aparición de la resistencia a insulina (Lopes et al., 2014a). 
La aparición de NODAT puede considerarse como un síndrome metabólico 
padecido por numerosos pacientes tras recibir un tratamiento crónico con 
inmunosupresores. Se manifiesta pocos meses después del trasplante y sus 
características clínicas dependen del agente inmunosupresor empleado, de las posibles 
combinaciones de éstos e incluso de los orígenes demográficos de los pacientes (Dirks 
et al., 2004). Previo al desarrollo de NODAT, los pacientes pueden manifestar 
hipertrigliceridemia y se consideran factores de riesgo la edad y la obesidad (Gyurus et 
al., 2011). En pacientes que ya padecen NODAT, la rapamicina suprime la señalización 
de la insulina, inhibe la síntesis de GLUT1, dificulta la translocación de GLUT4 e 
impide la respuesta adecuada de las células β del páncreas (Han et al., 2016). 
   A pesar de las evidencias del uso de la rapamicina, así como de otros 
inmunosupresores en relación con desórdenes metabólicos en pacientes crónicos, no se 
conoce aún el mecanismo molecular definitivo responsable de dichas alteraciones. Se 
han publicado estudios donde la rapamicina disminuye la represión de la señalización de 
la ruta IRS1-PI3K-Akt en estados de incremento de la actividad de mTORC1-S6K1, lo 
que conduce a una mejora de la fosforilación de Akt y de la captación de glucosa en el 
musculo esquelético y en el WAT (Tremblay et al., 2005). Otros estudios además 
reflejan que el uso combinado de rapamicina con inhibidores de calcineurina como la 
ciclosporina mejoran el metabolismo glucídico in vivo (Egidi et al., 2003). Sin 
embargo, la combinación de rapamicina con inhibidores de calcineurina también se 
asocia con la resistencia a insulina y a un mayor riesgo de padecer NODAT (Teutonico 
et al., 2005), por lo que no se pueden afirmar todavía unos mecanismos moleculares 
claros. Otros estudios describen que el tratamiento con rapamicina inhibe o al menos 
disminuye la fosforilación de Akt en el residuo Ser 473 (por mTORC2) sin afectar la 
fosforilación en Thr 308 por PDK1 (Sarbassov et al., 2006; Pereira et al., 2012). Usada 
en tratamientos agudos,  la rapamicina inhibe mTORC1, mientras que  en tratamientos 
crónicos también se ve inhibido mTORC2, y, por tanto la fosforilación de Akt en Ser 
473 (Hagan et al., 2008) lo que repercute en un descenso de la captación de la glucosa 
por las células. También está documentado que el tratamiento con rapamicina, al 






Otra proteína clave en relación a los adipocitos que se ve alterada por el tratamiento 
con rapamicina es PGC1α, ya que se ha descrito que disminuye su expresión, al menos 
en el músculo esquelético, siendo también responsable de un descenso de la sensibilidad 
a  insulina por su vinculación con la expresión de GLUT4 (Michael et al., 2001). 
Aunque la rapamicina no afecta a la expresión de genes de proteínas involucradas en 
gluconeogénesis hepática, si parece que provoca una disminución en la expresión de la  
glucoquinasa (GK) que es el enzima responsable de la fosforilación de la glucosa a 
glucosa-6-fosfato,, disminuyendo la disposición de glucosa en el hígado (Lopes et al., 
2014a). Otro de los síntomas de diabetes y por tanto de NODAT es la aparición de 
glucosuria. En este sentido, la rapamicina a priori causa menos daños renales y 
nefrotoxicidad que ciclosporina A pero se ha encontrado un aumento del aclaramiento 
renal de glucosa en pacientes tratados con este agente inmunosupresor (Franz et al., 
2010). 
Por tanto un esclarecimiento de los mecanismos moleculares alterados en NODAT 
debido al uso de AIs es de vital importancia para poder desarrollar nuevas 
combinaciones farmacológicas que atenúen los efectos metabólicos que conducen a la 



















































En esta Tesis doctoral se ha analizado la repercusión del tratamiento con rapamicina 
sobre las respuestas de los adipocitos marrones en relación con la sensibilidad a la 
insulina y la activación de la termogénesis inducida por norepinefrina con el fin de 
establecer la implicación del tejido adiposo marrón en el desarrollo de NODAT. 
Para ello se plantearon los siguientes objetivos: 
1. Generar líneas celulares inmortalizadas de adipocitos marrones de rata y ratón 
que permitieran realizar estudios de señalización celular. 
 
2. Analizar los efectos del tratamiento de los adipocitos marrones con rapamicina a 
distintos tiempos sobre la ruta de señalización de la insulina que es responsable 
de la estimulación de la captación de glucosa en dichas células. 
 
3. Identificar los moduladores negativos de la señalización de la insulina que son 
sensibles al efecto de la rapamicina. 
 
4. Analizar el efecto del tratamiento con rapamicina sobre las respuestas de los 
adipocitos marrones al tratamiento con norepinefrina focalizándonos en la 
lipolisis y en la expresión de los genes termogénicos Ucp1 y Pgc1a.  
 
5. Analizar el efecto del tratamiento con rapamicina en la respiración mitocondrial 







































1. CULTIVOS CELULARES 
1.1 Generación de líneas celulares de preadipocitos marrones inmortalizados  a 
partir del BAT de ratas y ratones lactantes 
 
 Animales de experimentación 
Tanto nuestro grupo como otros grupos de investigación habían generado líneas 
celulares inmortalizadas de adipocitos marrones a partir de embriones o ratas/ratones 
recién nacidos (Lorenzo et al., 1996; Klein et al., 2002; Miranda et al., 2010). En esta 
Tesis por primera vez hemos generado líneas celulares de adipocitos marrones de 
animales lactantes de aproximadamente 20 días de vida. Las ratas eran de la raza 
Sprague-Dawley y los ratones eran de la cepa C57Bl/6 x 129/Sv de genotipo salvaje 
(WT). Aunque no forman parte de esta Tesis, también generamos líneas celulares de 
adipocitos marrones de genotipo PTP1B KO (deficientes en el gen ptpn1) y SIRT1 Tg 
(con sobre-expresión moderada del gen Sir2). Éstos últimos (Pfluger et al., 2008)  
fueron cedidos por el Dr. Manuel Serrano (CNIO, Madrid).  
Los animales se mantuvieron estabulados en el animalario del Instituto de 
Investigaciones Biomédicas Alberto Sols (IIBm)  en las condiciones establecidas de 22 
± 2º C y 45-55% de humedad con alternancia de ciclos diurnos y nocturnos de 12 horas 
y administración “ad libitum” de agua y alimento (pienso de mantenimiento A04-10 de 
SAFE, Panlab). 
 
 Medios de cultivo de los preadipocitos marrones 
Medio de dispersión: es el medio en el que se digiere el BAT una vez extraído.  
Dicho medio contiene DMEM (Medio Eagle modificado por Dulbecco) suplementado 
con Hepes 10 mM, penicilina 50 UI, estreptomicina 50 µg/ml, BSA (Albúmina sérica 
bovina) 1.5 % y Colagenasa A (Sigma) al 0.2% (2 mg/ml) procedente de Clostridium 
histolyticum.  
Medio de proliferación: es el medio en el que se siembran las células extraídas del 
BAT para promover su proliferación. Está compuesto por DMEM suplementado con 




Hepes 10 mM, penicilina 50 UI, estreptomicina 50 µg/ml, suero neonatal bovino (NCS) 
al 10%, insulina 3 nM y acido ascórbico 15 µM. 
Medio de mantenimiento: Es el medio en que se mantienen las líneas celulares de 
preadipocitos marrones una vez inmortalizadas. Está compuesto por: DMEM 
suplementado con FBS (Suero fetal bovino) al 10%, Hepes 10 mM, penicilina 50 UI, 
estreptomicina 50 µg/ml. Se utilizará para la expansión y el mantenimiento de las líneas 
celulares. 
Medio de congelación: está compuesto por FBS y DMSO (Dimetilsulfóxido) al 
12% 
PBS (Tampón salino de fosfato) 1X: es el tampón salino que se utiliza para lavar las 
células y se suplementa con Hepes 10 mM, penicilina 50 UI y estreptomicina 50 µg/ml. 
Todos los medios y soluciones que entran en contacto con las células deben ser 
estériles y ser preparados en las cabinas de flujo laminar para evitar contaminaciones. 
En el caso del medio de dispersión también es necesaria su filtración  primero con 
filtros de 0.45 µm y posteriormente con filtros de 0.22 µm de tamaño de poro 
(Millipore). 
 
 Cultivos primarios de preadipocitos marrones 
La extracción del BAT se realizó en la sala de cultivos celulares del animalario del 
IIBm en la cabina de flujo laminar  para evitar posibles contaminaciones. Los animales 
se sacrificaron por dislocación cervical tanto en el caso de las ratas como en de los 
ratones. A continuación, los animales se sumergían en una solución desinfectante 
(Hibitane diluido 1/100) y tras cortar la piel se extraía el BAT interescapular en 
condiciones estériles usando todo el material de cirugía desinfectado con etanol. 
Una vez extraído el BAT de 10-12 animales, se troceaba con ayuda de tijeras y se 
añadía a viales que contenían medio de dispersión con colagenasa previamente filtrado a 
través de filtros de  0.4 y 0.22 µm en los cuales se realizaba la digestión enzimática. Los 
viales se incubaron durante 30 minutos en un baño a 37ºC con agitación vigorosa. Cada 
10 minutos los viales se agitaban en un vórtex durante 10 segundos. 




Una vez terminada la digestión, ya en el cuarto de cultivos del IIBm se procedió a 
un primer filtrado de la mezcla a través de una membrana de nylon de tamaño de poro 
de 250 µm, para eliminar el BAT no digerido. El filtrado se dejaba reposar durante 30 
minutos en la cabina de cultivos para separar los adipocitos ya maduros que contienen 
gran cantidad de gotas de grasa y flotan formando una capa superficial de color 
blanquecino. Con ayuda de una aguja espinal se recogía el infranadante (medio que 
queda por debajo de la capa de adipocitos flotantes) y se volvía a filtrar, esta vez por 
una membrana de nylon de 25 µm de tamaño de poro. 
El filtrado se repartió en tubos de cristal estériles que se centrifugaron durante 10 
minutos a 720 x g. En los tubos centrifugados se distingue una capa superficial de grasa 
y un precipitado con los preadipocitos, hematíes y otras células de tamaño inferior a 25 
µm. Los tubos se agitaron suavemente para despegar la capa de grasa adherida a la 
pared, que se desechaba junto con el sobrenadante. El precipitado se lavaba con medio 
DMEM (suplementado con Hepes 10 mM, penicilina 50 UI y estreptomicina 50 µg/ml). 
Los tubos se centrifugaron de nuevo durante 10 minutos a 720 x g y los precipitados 
obtenidos contenían los preadipocitos marrones. Tras desechar el sobrenadante, el 
precipitado de células se resuspendía en medio de proliferación y se sembraba en placas 
de 6 pocillos (150.000 células/pocillo). Las placas se mantenían en un incubador a 37ºC, 
5% de CO2 y con una humedad del 80%. 
 Transcurridas 24 horas de la siembra,  los preadipocitos se lavaron con DMEM 
(suplementado con Hepes 10 mM, penicilina 50 UI, estreptomicina 50 µg/ml) y se 
siguieron cultivando en medio de proliferación. Para los cultivos primarios, las células 
alcanzan la confluencia en el día 4 y a partir de entonces comienza el periodo de 
diferenciación que se mantiene hasta el día 7, a partir del cual se realizan los 
tratamientos indicados.  
 
 Generación de las líneas de preadipocitos marrones inmortalizados 
Una vez que las células en cultivo primario alcanzaron el 60% de confluencia se 
eliminó el medio de cultivo y se lavaron con medio DMEM de lavado. A continuación, 
se procedió a la inmortalización de los cultivos primarios mediante la infección con 
partículas retrovirales portadoras de la construcción pBabe Antígeno T puro (pBabe 




LTAg puro) en presencia de polibreno 4 g/ml, policatión que favorece la entrada de las 
partículas virales al interior de la célula. La preparación de las partículas retrovirales se 
detalla más adelante. La proteína antígeno T del virus del polisoma SV40 proporciona a 
las células la capacidad de propagarse indefinidamente así como la inhibición del 
crecimiento celular por contacto tras alcanzar la confluencia. 
Las células permanecieron en contacto con las partículas retrovirales entre 48-72 
horas. Transcurrido ese tiempo, se retiraron las partículas retrovirales y se procedió a la 
selección de las células infectadas con el antibiótico de selección que en nuestro caso 
era puromicina usada a 1 g/ml, ya que únicamente las células infectadas con la 
construcción retroviral pBabe LTAg puro eran resistentes a este antibiótico. Una vez 
finalizado el proceso de selección trabajamos con clones de células inmortalizadas. 
Durante esta Tesis se han generado 3 líneas independientes de preadipocitos marrones 
de rata y 8 líneas independientes de preadipocitos marrones de ratón (Figura 7). 
 
 
Figura 7. Esquema de la obtención de líneas celulares inmortalizadas de preadipocitos 
a partir de ratas/ratones lactantes. 




 Obtención de los retrovirus 
Las construcciones retrovirales se transfectaron en células denominadas 
“empaquetadoras” con el fin de dotar a la partícula viral de una envoltura que le permita 
infectar a las células diana. Para ello, se transfectaron las células empaquetadoras de la 
línea celular Bosc-23 por el método del fosfato cálcico de acuerdo con el protocolo 
descrito en el kit de transfección de la casa comercial Stratagene para células de 
mamífero que seguía los siguientes pasos: 
 Preparación de la suspensión de ADN plasmídico para transfectar por 
permeabilización con CaPO4 
Se transfectaron 3 μg de ADN plasmídico por placa de cultivo de 6 cm de diámetro. 
Se calculó la cantidad necesaria de ADN plasmídico,  se llevó a un volumen final de 
225 μl con agua estéril y  a continuación se añadieron 25 μl de la Solución 1 (CaCl2 2,5 
M). Paralelamente, en un tubo de 10 ml se añadieron 250 μl de la Solución 2 (BBS pH 
6,95: ácido N, N-bis (2-hidroxietil)-2-aminoetanosulfónico 50 mM, NaCl 280 mM, 
Na2HPO4 1,5 mM). Sobre la Solución 2 se añadió, gota a gota, la suspensión de ADN al 
tiempo que se gaseaba con nitrógeno. La mezcla se incubó 30 minutos a temperatura 
ambiente.   
El gaseo con el nitrógeno favorece la formación del precipitado de CaPO4, lo que a 
su vez facilita la transfección al mejorar la adsorción del ADN a la membrana celular, y 
al impedir la digestión del ADN por desoxirribonucleasas. 
 
 Preparación de las células. 
Las células empaquetadoras Bosc-23 se crecieron en medio de cultivo DMEM 
suplementado con un 10% de FBS hasta que alcanzaron una confluencia del 60-80%. 
En ese momento, se retiró el medio y se lavaron las células dos veces con PBS 1X 
atemperado. A continuación, se añadieron 2 ml de medio de cultivo DMEM 
suplementado al 5% con FBS modificado (MBS de la casa comercial Stratagene). De 
esta manera, las células quedaron listas para recibir el ADN.  
 
 




 Adición de la suspensión de ADN plasmídico e incubación. 
 Una vez transcurridos los 30 minutos de incubación de la suspensión del ADN, esta 
adquirió un aspecto turbio debido a la formación de los precipitados. Lentamente y gota 
a gota, se añadieron 500 µl de la suspensión a cada placa de cultivo, mientras que se 
agitaban ligeramente con el fin de conseguir una mejor distribución del ADN. 
Una vez añadido el ADN, las células se incubaron durante 4 horas a 37ºC y un 5% 
de CO2. Transcurrido ese tiempo, se aspiró el medio de las placas por vacío y se lavaron 
las células tres veces con PBS atemperado libre de iones magnesio y calcio con el fin de 
eliminar los precipitados. A continuación, se les añadió el medio de cultivo DMEM 
suplementado al 10% con FBS.  
Al día siguiente de la transfección, se retiró el medio de cultivo por vacío y se 
añadieron 3 ml de medio fresco. Las células se incubaron en estas condiciones durante 
24 horas, transcurridas las cuales se recogió el medio de cultivo que contenía las 
partículas virales secretadas por las células Bosc-23. Este medio se filtró con filtros de 
45 µm para eliminar posibles restos celulares y a continuación se congeló en nitrógeno 
líquido. La suspensión viral se conservó a –80ºC hasta el momento de su utilización. 
 
 Mantenimiento de las líneas celulares 
La generación de estas líneas celulares facilita el trabajo ya que evita tener que 
utilizar un número elevado y constante de animales de experimentación y pone las 
células a disposición del estudio siempre que sean requeridas. Sin embargo, se corre el 
riesgo de contaminación de la línea celular normalmente con micoplasma. Para ello, es 
necesario extremar la esterilidad en cada manejo de las placas de cultivo y si se detecta 
la contaminación (se observa suciedad en las placas, células muertas flotando y pierden 
la capacidad de diferenciación) se procede a tratar las placas con ciclinas (el protocolo 
se detallará más adelante). Cuando las células llegan a un número superior de 10-15 
pases dejan de diferenciar correctamente por lo que se deben descartar y utilizar un 
nuevo vial congelado de un pase bajo. 
Las líneas celulares de preadipocitos marrones se preservaron congeladas en 
nitrógeno líquido. Para ello, las células se despegan de las placas de cultivo con una 
solución de tripsina-EDTA (Gibco) durante 3-5 minutos tras los cuales se detiene la 




tripsinización con medio de congelación (FBS-DMSO al 12%). La congelación se 
realiza de manera gradual primero a -20ºC durante 4-6 horas, a continuación a -80ºC 
durante 24-48 horas tras las cuales los viales de células se mantienen en tanques de 
nitrógeno líquido a -170ºC.  
La descongelación de las células se realiza en el baño a 37ºC sumergiendo el vial 
cuidando de no sobrepasar la tapa. Cuando el vial está descongelado se recoge su 
contenido con una pipeta y se añade sobre una placa de 10 cm que contiene el medio de 
proliferación y así se mantenían las células hasta llegar a pase 15. Una vez al mes se 
realiza un test de micoplasmas para confirmar que las células estaban libres de 
contaminación. Para ello, se recoge 1 ml del medio que había estado en contacto con las 
células durante 2 días, se hierve a 95ºC durante 5 minutos y se centrifuga a 20000 x g 
durante 5 segundos. El sobrenadante se recoge y se utiliza para realizar una reacción de 
PCR en el servicio de cultivos del IIBm. 
En el caso de que las células estuvieran infectadas con micoplasmas pero que 
procedieran de un pase bajo se procedía a realizar un tratamiento con ciclinas. Se 
aspiraba el medio de las placas y se añadía DMEM completo con BM Cyclin 1 (Roche) 
a 10 µg/ml dejando actuar durante 3 días tras los cuales se retiraba el medio y se añadía 
medio con BM Cyclin 2 (Roche) 5 µg/ml durante 4 días. Este procedimiento se repetía 
de nuevo y una vez finalizado se comprobaba mediante una nueva reacción de PCR que 
el tratamiento había sido efectivo. 
 
1.2 Diferenciación de los preadipocitos marrones inmortalizados. 
 Medios de cultivo 
Medio de proliferación: es en el que se siembran los preadipocitos después de 
descongelarlos o tras cada pase para amplificarlos, ya descrito anteriormente.  
Medio de diferenciación: Se compone de DMEM (Gibco) suplementado con FBS 
(Gibco) 20%, Hepes 1 mM, penicilina 50 UI, estreptomicina 50 µg/ml, insulina 20 nM 
y T3 1 nM. 




Medio de inducción: se prepara sobre el medio de diferenciación suplementado con 
dexametasona 0.5 µM, indometacina 0.125 µM, IBMX (Isobutilmetil xantina) 0.5 mM 
y rosiglitazona 1 µM.  
 
 Procedimiento 
Cuando los preadipocitos marrones sembrados en placas de 10 cm alcanzaban una 
confluencia celular del 80%, las placas se lavaban con PBS, se tripsinizaban tal como se 
ha indicado anteriormente y se contaban con la cámara de Neubauer para sembrar 
100.000 células por pocillo en una placa de 6 pocillos ó 50.000 células en placas de 12 
pocillos. Esta siembra se realizaba en el medio de diferenciación descrito anteriormente. 
A las 24 horas de la siembra se procedía al cambio de medio y los preadipocitos se 
mantenían con el medio de inducción durante 36 horas. Tras este periodo, se lavaban las 
placas con PBS  y se añadía de nuevo medio de diferenciación que era renovado cada 48 
horas. A día 6-7 de diferenciación (comenzando a contar desde el día que se añadía el 
medio de inducción), se observaba que las células habían diferenciado a adipocitos 
marrones maduros que contenían en el citoplasma múltiples gotas de lípidos (Figura 8). 
En este momento se realizaban los experimentos con los adipocitos marrones 
diferenciados tal como se detallará en la sección de Resultados. 
 
Figura 8. Esquema del proceso de diferenciación de las líneas celulares de 
preadipocitos marrones inmortalizadas. 




Para comprobar que las líneas celulares generadas habían diferenciado 
correctamente se procedía a analizar la expresión de la FAS, un marcador clave de 
diferenciación adipogénica, y de la UCP1 como marcador de la diferenciación 
termogénica (Figura 9). 
 
 
Figura 9. Inducción de marcadores termogénicos y adipogénicos en el tiempo tras 
aplicar protocolo de diferenciación a las líneas de preadipocitos marrones inmortalizados 
procedentes de ratas lactantes. 
 
Algunos experimentos fueron realizados en cultivos primarios de adipocitos 
marrones de rata para descartar que los datos obtenidos se debieran a posibles efectos de 
los protocolos de inmortalización y diferenciación que se aplicaban a las líneas 
celulares. Para ello,  se obtuvo el BAT de ratas lactantes de aproximadamente 20 días de 
vida tal como se ha descrito anteriormente, se aislaron los preadipocitos marrones, se 
sembraron y se dejaron diferenciar espontáneamente durante 8 días, tras los cuales se 
observaba que los adipocitos marrones presentan multitud de gotas lipídicas en su 
citoplasma. Las estimulaciones con los diferentes compuestos de estudio se realizaron 
en DMEM (Gibco) con NCS al 10% (NCS hipotiroideo si se añadía T3), Hepes 10 mM, 
penicilina 50 UI y estreptomicina 50 µg/ml, suplementado con insulina 3 nM y acido 
ascórbico 15 µM.  
 




2. TRATAMIENTO IN VIVO CON RAPAMICINA EN RATAS WISTAR 
Ratas Wistar macho de 10 semanas de edad, obtenidas de Charles Rivers Lab. Inc. 
(Barcelona) se mantuvieron en cajas ventiladas (2 animales por caja) bajo un ritmo de 
12 horas de luz y 12 de oscuridad y con una dieta estándar (IPM-R20, Letica, 
Barcelona) con acceso libre a agua. Los animales fueron tratados con 1 mg/kg de 
peso/día de rapamicina (Rapamune
®
, Laboratorios Pfizer, Lisboa), mimetizando así la 
dosis clínica que previamente había sido estudiada (Fuhrmann et al., 2014). El 
tratamiento se administró por vía oral durante 3 semanas y se midió el peso corporal a 
diario. Al finalizar el tratamiento, se inyectó a los animales intraperitonealmente 10 
U/kg de insulina recombinante humana (Actrapid) y se sacrificaron 10 minutos más 
tarde mediante dislocación cervical. Tras el sacrificio el BAT se extrajo inmediatamente 
para analizar la señalización de la insulina. La concentración en sangre de rapamicina se 
comprobó mediante un inmunoensayo utilizando métodos (Flex Reagent) y equipos 
(Dimension
®
-RxL, Siemens) automáticos.  
Todos los estudios con animales se realizaron siguiendo los protocolos aprobados 
por la Normativa Nacional y de la Unión Europea sobre el Cuidado de Animales. 
 
3. ANALISIS DE LA EXPRESION DE PROTEÍNAS  
La expresión de las proteínas se analizó mediante Western Blot. 
Las proteínas fueron extraídas a partir de cultivos de  líneas celulares inmortalizadas 
o del BAT de animales de experimentación.  Para extraer las proteínas de cada pocillo 
de una placa de 6 pocillos utilizamos 100 µl de tampón de lisis compuesto por Tris-HCl 
10 mM, EDTA 5 mM, NaCl 50 mM, Na4P2O7 30 mM, NaF 50 mM, Na3VO4 100 µM, 
Tritón X-100 1%, PMSF 1 mM, leupeptina 10 µg/ml, aprotinina 10 µg/ml a pH 7,6). 
Para extraer las proteínas del BAT lisamos 40 mg de tejido en 400 µl de tampón de lisis 
compuesto por Hepes 50 mM, Tritón X-100 1%, Na4P2O7 50 mM, NaF 0.1 M, EDTA 
10 mM, Na3VO4 10 mM, PMSF 1 mM, leupeptina 10 µg/ml, aprotinina 10 µg/ml. 
En el caso de las líneas celulares, los pocillos se lavaron con PBS  y las células se 
lisaron en hielo con el tampón de lisis. El lisado se centrifugó a 17.000 x g durante 10 
minutos a 4ºC. Tras la centrifugación se recogía el sobrenadante, intentando evitar 




recoger la capa de grasa que queda en la superficie. Si la capa de grasa se mezclaba con 
el sobrenadante se procedió a realizar una segunda e incluso una tercera centrifugación. 
A continuación, se valoraba la concentración de proteínas del lisado mediante el método 
de Bradford (Bio-Rad) y utilizando BSA 1µg/µl para hacer la curva patrón. Una vez 
valoradas las muestras, éstas se almacenaron a -80ºC o directamente se prepararon los 
extractos. 
Los extractos se prepararon para una concentración final de proteína de 15-50 µg en 
el tampón de carga (Tris 100 mM, glicerol 10%, SDS 4%, azul de bromofenol 0.2%, β-
mercaptoetanol 2 mM). Las muestras se calentaron durante 5 minutos a 95ºC  y se 
utilizaban en el momento o se congelaban a -20ºC. 
 El BAT obtenidos de las ratas se homogenizaba con un Polytron (PT 1200E, 
Kinematica AG) en el tampón de lisis y manteniendo siempre el tejido en hielo.  
Posteriormente, los extractos se centrifugaron a 40.000 x g durante 30 minutos a 4ºC 
(también se evitaba recoger la capa de grasa). Seguidamente se valoraba la 
concentración de proteína por el método de BCA (Ácido bicinconínico, Thermofisher) 
usando como estándar BSA (1µg/µl). Las muestras se prepararon en tampón de carga de 
la misma manera que los lisados procedentes de cultivos celulares.  
Las muestras se cargaron en geles de SDS-PAGE (Electroforesis en gel de 
poliacrilamida con Dodecil sulfato sódico), con porcentajes de acrilamida entre 8-12% 
(BioRad), junto con una solución estándar con proteínas de peso molecular conocido 
que permite identificar las proteínas objeto de estudio. A continuación, se realizaba la 
electroforesis y se transferían las proteínas a membranas de PVDF (Polifluoruro de 
vinilo, Merk-Millipore) previamente activadas con metanol. Las membranas se 
bloqueaban con BSA al 3% (p/v) a temperatura ambiente durante una hora y se incuban 
durante toda la noche con los anticuerpos correspondientes (Figura 10) diluidos en 
TTBS (Buffer salino Tris con Tween 20) (Tween-20 al 0,05% (v/v), Tris-HCl 10 mM, 








ANTICUERPO REFERENCIA LABORATORIO 
Anti-pJNK (Thr 183/Tyr 185) #4668  
Cell Signaling 
Technology 
Anti-pHSL(Ser 660) #4126 
Anti-Akt #9272 









Anti-pAkt1/2/3 (Ser 473) sc-7985-R 
Anti-pAkt1/2/3 (Thr 308) sc-16646-R 
Anti-pS6K1 (Thr 339) sc-11759 
Anti-caveolin-1 sc-894 
goat anti-mouse IgG-HRP sc-2005 
goat anti-rabbit IgG-HRP sc-2004 
Anti-IRS1 06-248  
Merck Millipore Anti-pIRS1 (Ser 307) 07-247 
Anti-IRS2  M.White (Harvard 
Medical School, USA) 
Anti-GLUT-4 AB 1346 Chemicon 
Anti-UCP1 ab23841 Abcam 
Anti-αTubulina A5441 Sigma-Aldrich 
 
Figura 10. Listado de anticuerpos utilizados en los ensayos de Western Blot 
 
Tras repetidos lavados de las membranas con TTBS, éstas eran incubadas con los 
anticuerpos secundarios (Figura 10). Las bandas correspondientes a las proteínas 
reconocidas por los anticuerpos se visualizaban mediante ECL (Sistema intensificador 
de quimioluminiscencia para Western-Blot, Merck-Millipore) y revelándolas en 
películas radiográficas (Kodak) que posteriormente fueron densitometradas con el 
programa Image J. 
 




4. ENSAYO DE PCR CUANTITATIVA EN TIEMPO REAL  
 Las placas del cultivo se llevaron a una campana extractora de gases donde se les 
añadió 1 ml de Trizol

 (Invitrogen) con el fin de conseguir la lisis celular y la 
solubilización del ARN. Con ayuda de una pipeta se homogeneizó la muestra y se 
recogieron los lisados en tubos Eppendorff estériles de 1.5 ml que se mantuvieron en 
hielo. El proceso de extracción se podía parar en este momento conservando las 
muestras a -80ºC, o bien continuar con la fase de extracción del ARN propiamente 
dicha. 
A los lisados celulares obtenidos en el paso anterior, se les añadió 200 μl de 
cloroformo y se agitaron vigorosamente durante 15 segundos con la ayuda de un 
agitador mecánico. A continuación, las muestras se dejaron reposar durante 3 minutos a 
temperatura ambiente tras los cuales se centrifugaron a 17.000 x g durante 15 minutos a 
4ºC, obteniéndose dos fases. En la fase superior o fase acuosa se encuentra el ARN 
mientras que el ADN y las proteínas se encuentran en la fase inferior y en la interfase, 
respectivamente. 
Con la ayuda de una pipeta, se recogió la fase acuosa de cada una de las muestras y 
se llevó a un tubo nuevo estéril para proceder a la precipitación del ARN con un 
volumen igual de alcohol isopropílico. Los tubos se agitaron vigorosamente con un 
agitador mecánico y se mantuvieron a temperatura ambiente 10 minutos. A 
continuación, las muestras se centrifugaron de nuevo a 17.000 x g durante 15 minutos a 
4ºC y como resultado de la centrifugación se obtuvo un precipitado blanco de ARN. El 
sobrenadante se eliminó por vacío y el precipitado se lavó con 1 ml de etanol al 75%  en 
agua estéril tratada con dietilpirocarbonato (DEPC). Por último, los tubos se 
centrifugaron a 17.000 x g durante 5 minutos a 4ºC tras los cuales el sobrenadante se 
eliminó por aspiración con una bomba de vacío y se dejó secar el precipitado al aire 
durante 10-15 minutos para resuspender el ARN en un volumen conocido 
(aproximadamente de 20 μl) de agua estéril tratada con DEPC. Finalmente, para 
asegurar la completa solubilidad del precipitado de ARN, los tubos se calentaron a 60ºC 
durante 5 minutos. De la muestra resuspendida se tomó una alícuota para determinar, 
con el uso de un Nanodrop, la cantidad de ARN obtenido y su pureza. Utilizando 1 µg 
del ARN extraído se obtuvo el ADNc mediante la técnica de RT-PCR usando los 
reativos iScript (BioRad) y utilizando el termociclador 2400 (Perkin Elmer). Las 
muestras se amplificaron por triplicado siguiendo el siguiente programa: 50ºC durante 2 




minutos, 95ºC durante 10 minutos; 40 ciclos de 15 segundos a 95ºC y un minuto a  
60ºC. 
El ADNc fue amplificado y cuantificado por hibridación con las sondas TaqMan-
Applied Biosystems para rata de Ucp1 (marcada con FAM, Rn00562126-m1) y de 
Pgc1a (con FAM, Rn00580241-m1). La expresión de cada gen referida por el valor 
“Ct” (ciclo de amplificación requerido para alcanzar un umbral mínimo establecido) se 
normalizó con el valor “Ct” de la sonda control Ubiquitina (marcada con VIC, 
Rn01789812) aplicando la fórmula 2
-Ct
, que nos indica la expresión “relativa” del 
ARNm en número de veces de incremento o disminución (fold-change) 2
-ΔΔCt 
: Dif 
expresión = 2 
- (Ct gen de interés - Ct gen control)
 
  Una de las ventajas de la tecnología TaqMan es que tanto la sonda del gen control 
(marcado con VIC) como la del gen a analizar (marcado con FAM)  ocupan el mismo 
pocillo en la placa y esto nos permite corregir cualquier error individual en cada pocillo. 
Las sondas de hibridación TaqMan presentan también la ventaja de su elevada 
especificidad: poseen un fluoróforo en el extremo 5´ y una molécula en el 3´ que 
bloquea la fluorescencia (quencher); la sonda hibrida con la región a amplificar por 
PCR y cuando la polimerasa lleva a cabo la reacción elimina la molécula de 3´y permite 
obtener fluorescencia del extremo 5´que podemos detectar y cuantificar.  
 
5. MEDICION DE LA CAPTACION DE GLUCOSA 
Los adipocitos marrones diferenciados en placas de 12 pocillos se trataron tal como 
se indica en la sección de  Resultados y  se cultivaron en medio DMEM en ausencia de 
suero durante 2 horas. A continuación, las células se lavaron 3 veces con el tampón 
KRP (Tampón fosfato de Krebs-Ringer) (NaCl 135 mM, KCl 5.4 mM, CaCl2  1.4 mM, 
MgSO4 1.4 mM, Na4P2O7 10 mM) y se incubaron con 500 µl de este mismo tampón 
durante 15 minutos a 37ºC. Seguidamente, las células se estimulaban con insulina (10 
nM) durante 10 minutos tras los cuales se añadía una mezcla con 50 mM glucosa y 0,5 
mCi/ml [
3
H] 2-deoxiglucosa.  
Transcurridos 5 minutos de incubación,  se lavaron las células de nuevo dos veces 
con el tampón KRP, se solubilizaron con 500 µl de SDS al 1% (p/v) incubándolas 




durante 2 horas a 37ºC. Finalmente, se homogenizaba bien el lisado con ayuda de una 
jeringa y se tomaban 100 µl del mismo que se diluyeron en 4.5 ml de liquido de 
centelleo para su lectura en el contador de centelleo. Paralelamente, se valoraban las 
proteínas utilizando como estándar BSA y el reactivo BCA (Thermofisher). Este 
protocolo ha sido puesto a punto a partir de otros anteriores desarrollados en nuestro 
laboratorio (Valverde et al., 1998). 
 
6. ANALISIS DE LA TRANSLOCACION DEL GLUT4 A LA MEMBRANA    
PLASMATICA 
Los adipocitos marrones cultivados en placas de 12 pocillos fueron lavados con PBS 
y recogidos en tampón de homogenización (Tris-HCl 20 mM, EGTA 2 mM, EDTA 2 
mM, PMSF (Fluoruro de fenil metil sulfonilo) 1 mM, β-mercaptoetanol 10 mM, 
aprotinina 10 µg/ml, leupeptina 10 µg/ml)  pH 7.4. Tras incubar las muestras durante 10 
minutos en hielo, se procedía a la homogenización en un potter de vidrio. A 
continuación, el homogenado se centrifugaba a 500 x g durante 5 minutos a 4ºC para 
precipitar los núcleos celulares. El sobrenadante obtenido se centrifugaba a 100.000 x g 
durante 30 minutos a 4ºC obteniendo un precipitado con la fracción de membrana 
plasmática y un sobrenadante con la fracción de membrana interna. El precipitado se 
lavaba 3 veces y se añadía tampón de homogenización suplementado con Tritón X-100 
al 1% (p/v). Tras una incubación de una hora en hielo, se procedía a centrifugar la 
solución a 100.000 x g durante 15 minutos para separar la membrana plasmática 
(sobrenadante) del citoesqueleto (precipitado). La fracción de membrana plasmática se 
guardaba a -80ºC para posteriormente analizarse mediante Western blot con los 
anticuerpos anti-GLUT-4 y anti-caveolina 1 (proteína de membrana utilizada como 










7. ENSAYO DE LA LIPOLISIS 
Tras los tratamientos correspondientes, se retiraba el medio de cultivo y los 
adipocitos marrones diferenciados se incubaban con tampón KRB (Tampón bicarbonato 
de Krebs-Ringer)  (NaCl 118.5 mM, KCl 4.75 mM, CaCl2 1.92 mM, KH4PO4 1.19 mM, 
MgSO4 (H2O)7 1.19 mM, NaHCO3 25 mM, Hepes 10 mM, D-Glucosa 6 mM, BSA 4%) 
con y sin NE 5 µM (Sigma) o el agonista β3 adrenérgico CL316243 2 µM (Sigma). 
Transcurridas 2 horas, se recogía el medio KRB de cada pocillo, manteniendo las placas 
con las células siempre en hielo, y se cuantificaba el glicerol y los ácidos grasos libres 
que las células habían liberado a dicho medio siguiendo el protocolo establecido por la 
casa comercial  Wako. En paralelo se valoraban las proteínas mediante con el reactivo 
BCA (Thermofisher) para referir los niveles de glicerol o de ácidos grasos libres a la 
concentración de proteína de cada pocillo. 
 
8. ANALISIS DE LA TRANSLOCACION DEL GLUT4 MEDIANTE 
INMUNOFLUORESCENCIA 
Los preadipocitos marrones fueron sembrados y diferenciados en cristales circulares 
de vidrio sobre la base de los pocillos y, una vez diferenciados y tratados tal como se 
describe en el apartado de resultados, las células se fijaron con paraformaldehido (PFA) 
al 4% durante 15 minutos. Tras la fijación, se realizaban tres lavados con PBS para 
retirar el exceso de PFA y, a continuación, las células se permeabilizaban con Tritón X-
100 al 0.1%. Se volvían a realizar 2 lavados con PBS y se procedía al bloqueo con PBS-
BSA al 3% durante una hora a temperatura ambiente. 
Una vez finalizado el bloqueo, los cristales se incubaron con el anticuerpo anti-
GLUT4 (sc-56566, Santa Cruz) en PBS-BSA al 3%  (p/v) a una dilución 1/25 (v/v) 
durante toda la noche a 4ºC. Tras realizar 3 lavados con BSA al 1%, muy 
cuidadosamente para no despegar la capa celular adherida a los cristales circulares, se 
procedía a la incubación con el anticuerpo secundario acoplado a Alexa 488 
(Invitrogen) a la dilución 1/500 (v/v) en BSA al 3% y manteníamos la incubación 
durante 1 hora en oscuridad. Una vez finalizada esta incubación, los cristales se lavaron 
de nuevo con PBS-BSA al 1% y procedimos a teñir los núcleos con DAPI (4´,6-
diamino-2-fenilindo). Los cristales circulares fueron fijados a los portas con ProLong 




gold (Thermofisher), y se mantenían 24 horas a temperatura ambiente en oscuridad y 
otras 24 horas a 4ºC también en oscuridad. Finalmente, se observaba la 
inmunofluorescencia de la preparación en el microscopio Nikon Eclipse 90i y las 
imágenes se analizaban con el programa con el programa Nis elements (Nikon). 
 
9. EVALUACION DE LA RESPIRACION MITOCONDRIAL DE LOS 
ADIPOCITOS MARRONES  
Para determinar la tasa de consumo de oxigeno (OCR) realizada por los adipocitos 
marrones maduros se utilizó el Seahorse XF24 Extracellular Flux Analyzer (Seahorse 
Bioscience). Los adipocitos marrones fueron cultivados, diferenciados y tratados con 
rapamicina (Sigma) a la concentración de 100 nM durante 16 horas en placas de 24 
pocillos específicas de Seahorse. Para la evaluación de un perfil bioenergético típico se 
utiliza oligomicina para bloquear la ATP sintasa; el desacoplante carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone (FCCP) para medir la capacidad respiratoria 
máxima, seguido de rotenona, el inhibidor del complejo 1 de la cadena respiratoria, y 
antimicina-A para finalmente medir sólo la actividad no mitocondrial (todos los 
reactivos utilizados eran de Sigma-Aldrich). Antes de la lectura las células se incubaron 
durante 1 hora en medio XF Assay Medium (Seahorse Bioscience) suplementado con 
glucosa 5 mM. Durante el ensayo, se inyectaron los siguientes compuestos a las 
concentraciones finales que se indican: 0.2 μM oligomicina, 0.2 μM FCCP, 1 μM 
rotenona y 1 μM antimicina-A. El OCR fue calculado midiendo la concentración de 
oxígeno del medio por unidad de tiempo (pmol/min) y normalizado por la 
concentración de proteína de cada pocillo. Los datos finales son la media de 8-10 





    




10.   ACTIVIDAD DE LA  DESIODASA D2  
Se determinó la actividad 5'-desiodasa Tipo II (D2) en los adipocitos marrones 
diferenciados midiendo la cantidad de ioduro producido usando como sustrato la T4. 
Las placas de cultivo con las células congeladas en hielo seco se homogenizaron en 
1 ml de un tampón que contiene sacarosa 0.32 M, Hepes 10 mM, pH=7 y ditiotreitol 
(DTT) 10 mM que se añade en el momento de la homogenización. Es importante 
señalar que todo el proceso se realiza en hielo debido a que la actividad D2 se protege a 
4ºC y por el DTT ya que su vida media es corta, de unos 30 minutos. La concentración 
de proteínas debe de ser de unos 100 µg por 50 µl del homogenado. 
Para determinar la actividad D2 se usa como sustrato 
125
I-T4 (su síntesis se detalla 
más adelante). Se midió el yoduro radiactivo liberado a partir de 
125
I-T4. Antes de 
realizar el ensayo se purificaba la 
125
I-T4 mediante electroforesis en papel durante 5 min 
a 400 V usando acetato amónico  (C2H7O2NH4) 50 mM, pH 6.8. El yoduro migra unos 
3-4 cm, mientras que la 
125
I-T4 permanece en el origen. La 
125
I-T4 se eluye en una 
jeringa usando NaOH 0.04 N, añadiendo posteriormente los reactivos de la reacción 
(DTT, tampón Fosfato, T4 y propiltiouracilo (PTU), se detalla más adelante). En este 
proceso se recupera aproximadamente el 50% de la 
125
I-T4 libre de yoduro (< del 1% de 
la radiactividad en forma de yoduro). 
La actividad D2 se mide según el método de Leonard et al., 1983, modificado en el 
laboratorio (Martinez-de Mena y Obregón, 2005), a pH 7 en presencia de 50.000 cpm 
de 
125
I-T4 y T4 2 nM, de PTU 1 mM y DTT 20-50 mM en un volumen total de 100 µl. 
También se añade T3 1 µM para inhibir la desiodación interna de la T4 en posición 5, así 
se inhibe la producción de rT3 a partir de T4 y la degradación de la T3 formada. Tras una 
hora de incubación a 37°C la reacción se para añadiendo 50 µl de una mezcla de 
plasma: PTU 10 mM (1:1) y 350 µl de ácido tricloroacético (TCA) al 10 %, 
precipitando las proteínas por centrifugación. 
El yoduro liberado se separa por cromatografía de intercambio iónico, pasando 400 
µl del sobrenadante anterior por columnas Dowex 50W-X2 (Bio Rad), eluyendo el 
ioduro con 2 ml de ácido acético al 10%. A continuación se cuenta la radiactividad y se 
calcula la actividad enzimática como fentomoles (fmols) de I
-
/ hora/ por mg de proteína 




y. se le resta la desiodación no enzimática (blanco= muestra que no contiene 
homogenado, sino buffer). El ensayo se realiza en duplicado o triplicado. 
Se determinaron las proteínas en los homogenados usando el método de Lowry et 
al., 1951. Como el DTT de los homogenados interfiere en la reacción colorimétrica, las 
proteínas se precipitaron con TCA (Ácido tricloroacético) al 10 % y se resuspendieron 
en NaOH 0.4 N, usando BSA como estándar (5-90 µg BSA). 
 Obtención de 125I-T4 para determinar la actividad desiodasa D2 
Marcaje: Para la medir la actividad desiodasa se requiere 
125
I-T4 de alta actividad 
específica, que es sintetizada en el laboratorio. 
El marcaje se realiza usando como substrato una yodotironina de un grado de 
yodación menor. Se usa T3 para obtener T4 marcada con I
125
, oxidando el yoduro 
radiactivo al estado de yodo naciente con cloramina T, incorporándose el I
125
 a la T3. La 
reacción contiene: 2 mCi de 
125
I, 1 µg de T3 y 50 µl de tampón fosfato 0.5 M, pH 7.5. 
Se añadieron 25 µg de cloramina T y la reacción se para a los 20 segundos con 240 µg 
de metabisulfito sódico (Na2S2O5). Los productos de marcaje se separan mediante 
cromatografía en papel durante 16 horas usando como solvente BEA (Butanol: Etanol: 
Amoniaco (C4H10O: C2H5OH: NH3) 0.5 N (5:1:2)). Una vez realizada la cromatografía, 
se corta y cuenta en tiras de 8 mm y se identifica la zona que contiene 
125
I-T4 que se 
eluye con metanol:amoniaco (CH4O: NH3) 2N (9:1), evaporándose el eluido metanólico 
a sequedad bajo corriente de N2 para evitar oxidaciones y reconstituyendo la 
125
I-T4 en 
etanol, a una concentración de 400.000 cpm/µl. 
 
11. ANALISIS ESTADISTICO 
El análisis estadístico de los datos se llevó a cabo con el programa Graph Pad Prism 
5 (www.graphpad.com) expresando los resultados como la media ± SEM (error estándar 
de la media). Para comparar dos grupos utilizamos el análisis t-Student y para 
comparaciones múltiples se usó el test de ANOVA de una variable. El post-test 
utilizado para valorar las diferencias entre distintos grupos fue Bonferroni, El nivel de 
significación estadística se ha establecido cuando *p<0.05. 































1. Efecto de la rapamicina en la señalización de la insulina en los adipocitos 
marrones 
Debido a que el efecto de diversos inmunosupresores sobre las acciones de la 
insulina había sido estudiado en tejidos como hígado, WAT o riñón (Smith et al., 2003; 
Zhang et al.; 2014; Pereira et al., 2014), pero no había estudios realizados sobre los 
efectos en el BAT, realizamos una primera aproximación analizando el impacto de la 
rapamicina en la señalización de la insulina en los adipocitos marrones. Para ello, se 
utilizaron las líneas inmortalizadas de preadipocitos marrones de rata lactante (18-20 
días de vida) generadas en el laboratorio y descritas en Materiales y Métodos.  
Los preadipocitos marrones se sembraron con una densidad de 150.000 células por 
pocillo (40.000 células/cm2) en placas de 12 pocillos. Tras seguir el protocolo de 
diferenciación descrito anteriormente (Miranda et al., 2010) se observaba que a partir 
del día 6 de diferenciación los adipocitos marrones contenían múltiples gotas lipídicas y 
adquirían una morfología poliédrica que los diferenciaba claramente de la forma 
alargada que presentan los preadipocitos. (Figura 11) 
 
 
Figura 11. Diferenciación de los adipocitos marrones inmortalizados. Los adipocitos 
marrones se sembraron y se diferenciaron siguiendo el protocolo descrito en Materiales y 
Métodos. En la figura se muestran fotografías representativas de la diferenciación celular y la 
tinción con el colorante Oil Red O de pocillos independientes a los días 0 (preadipocitos), 3 y 6 






Con el fin de corroborar la correcta diferenciación de los preadipocitos marrones a 
adipocitos marrones maduros analizamos la expresión de proteínas marcadoras de la 
adipogénesis como son la FAS, el transportador de glucosa GLUT4 y la proteína 
desacoplante UCP1 (Figura 12 y Figura 9 de Materiales y Métodos). De igual manera, 
valoramos también la expresión, en el transcurso de la diferenciación adipocítica de 
proteínas de la ruta de señalización de la insulina. Estudios anteriores (Entingh-Pearsall 
y Kahn, 2004) habían demostrado que en los preadipocitos marrones de rata hay una 
mayor expresión del IGF-1R mientras que el IR apenas se detecta. Sin embargo, en el 
transcurso de la diferenciación disminuye la expresión del IGF-1R y aumenta la del IR 
(Figura 12). 
 
Figura 12. Expresión de proteínas marcadores de la diferenciación de los adipocitos 
marrones en la línea celular generada. Tras inducirse el proceso de diferenciación, se 
obtuvieron los lisados de los adipocitos a días 0 (preadipocitos), 3 y 6 para analizar la expresión 
de las proteínas FAS, GLUT4, UCP1, IR e IGF-1R mediante Western blot. Los resultados son 
representativos de 2 experimentos independientes realizados en 3 líneas diferentes de células 
inmortalizadas. Los resultados son la media ± SEM. *p < 0.05 respecto al día 0 y †p < 0.05 





Dentro de la cascada de señalización de la insulina, abordamos primero el estudio 
del efecto de la rapamicina sobre los niveles de la proteína IRS1 debido a su 
importancia en la diferenciación de los adipocitos marrones y en la señalización de la 
insulina en estas células (Fasshauer et al., 2001; Valverde et al., 1999a). Se analizaron 
los niveles de IRS1 en los adipocitos marrones diferenciados tras el tratamiento durante 
16 horas con concentraciones crecientes de rapamicina desde 10 nM a 100 nM. Los 
resultados obtenidos muestran que los niveles proteicos de IRS1 descendieron en los 
adipocitos marrones cultivados con rapamicina de una manera dosis-dependiente, 
disminuyendo a valores apenas detectables a la concentración de 100 nM (Figura 13). 
Sin embargo, la expresión de las proteínas IRS2 y Akt no se vio afectada por el 
tratamiento con la rapamicina. Como control de la efectividad de la rapamicina 
analizamos la fosforilación de S6K1 con respecto a células sin tratar, que, como cabía 
esperar, disminuyó con el tratamiento de manera dosis-dependiente. 
 
Fig 13. El tratamiento con rapamicina durante 16 horas induce la degradación del 
IRS1 en los adipocitos marrones. Los adipocitos marrones de rata fueron diferenciados 
durante 6 dias y cultivados en presencia de dosis crecientes de rapamicina (Rapa) durante 16 
horas. Al finalizar el tratamiento, los adipocitos marroness fueron recogidos y se prepararon los 
lisados proteicos. Los niveles de proteínas se analizaron mediante Western Blot utilizando 
anticuerpos contra IRS1, IRS2, fosfo-S6K1 (Thr 389) y α-Tubulina, usada como control de 
carga. El resultado de 3 experimentos independientes se cuantificó densitomentrando las bandas 
obtenidas. Los resultados son las medias ± SEM. 
*







A continuación se investigó el efecto de la rapamicina en la modulación de la 
señalización de la insulina en los adipocitos marrones. Para ello, se valoró la activación 
de la ruta de señalización mediada por el IR que conduce a la activación de Akt debido 
a su importante papel en la regulacion de la expresión de genes implicados en procesos 
relevantes en los adipocitos marrones como son la síntesis lipídica y la termogénesis 
(Valverde et al. 1999a; Valverde et al., 2003b).  
Los adipocitos marrones fueron tratados durante 16 horas con concentraciones 
crecientes de rapamicina. A continuación, se deprivaron de suero durante 2 horas y se 
estimularon con insulina a la concentración de 10 nM durante 10 minutos. Tal como se 
muestra en la Figura 14, observamos un aumento de la fosforilación del IR en los 
residuos Tyr 1162/1163 del dominio catalítico con respecto a las células que no 
recibieron rapamicina, aunque este dato carece de significación estadística. Sin 
embargo, el pretratamiento con rapamicina disminuyó la fosforilación de Akt en los 
residuos Ser 473 y Thr 308  inducida por la insulina de manera dosis-dependiente 
(Figura 14). 
 
Fig 14. El tratamiento de 16 horas con rapamicina disminuyó la señalización de la 
insulina mediada por Akt en los adipocitos marrones. Los adipocitos marrones diferenciados 
se trataron con dosis crecientes de rapamicina y tras un ayuno de 2 horas se estimularon durante 
10 minutos con insulina a la concentración de 10 nM. Se recogieron los lisados de proteínas y se 
analizaron mediante Western blot usando los siguentes anticuerpos: anti-fosfo IR (Tyr 
1162/1163), anti-IR, anti-fosfo-Akt (Ser 473), anti-fosfo-Akt (Thr 308) y anti-Akt. Los 
resultados de 4 experimentos independientes se cuantificaron densitometrando las bandas 
obtenidas. Los resultados mostrados son las medias ± SEM. 
*
p < 0.05 respecto a células 





A continuación, investigamos si la degradación de IRS1 que encontrabamos tras el 
tratamiento de los adipocitos marrones con rapamicina durante 16 horas era responsable 
de la disminución de la respuesta a la insulina en la fosforilación de Akt. Para ello, los 
adipocitos fueron tratados con rapamicina durante un tiempo corto de 45 minutos tras 
los cuales se evaluaron los niveles de IRS1, sin observarse modificaciones respecto a 
adipocitos marrones no tratados (Figura 15). 
 
Fig 15. El tratamiento de  los adipocitos marrones con rapamicina durante 45 minutos 
no altera los niveles de IRS1. Los adipocitos marrones diferenciados se cultivaron durante 45 
minutos en presencia de rapamicina (100 nM). La proteína total se analizó por Western blot 
usando anticuerpos frente a IRS1 y α-Tubulina como control de carga. 
 
En el siguiente experimento se trataron las celulas con rapamicina durante 45 
minutos tras los cuales se añadió insulina a la concentración de 10 nM durante 10 
minutos tras los cuales se analizó la fosforilación de Akt. Se comprobó que el 
pretratamiento con rapamicina durante un tiempo corto inhibía la fosforilación de S6K1 









Figura 16. Tratamiento con rapamicina durante 45 minutos disminuye la fosforilación 
de S6K1 pero no compromete la señalización de la insulina en los adipocitos marrones a 
nivel de IR y Akt. Los adipocitos marrones diferenciados (dia 6) se cultivaron en presencia de 
rapamicina (100 nM) durante 45 minutos. A continuación, las células se estimularon durante 10 
minutos con insulina (10 nM). Las proteinas se analizaron mediante Western blot usando 
anticuerpos siguientes: anti-fosfo-IR (Tyr 1162/1163), anti-IR, anti-fosfo-S6K1 (Thr 389), anti-
fosfo-Akt (Ser 473), anti-fosfo-Akt (Thr 308) y anti-Akt. Los resultados de 3 experimentos 
independientes se cuantificaron densitomentrando las bandas obtenidas. Los resultados 
mostrados son las medias ± SEM. 
*
p < 0.05 respecto a las células estimuladas con insulina sin 








2. Efecto de la rapamicina sobre la captación de glucosa y  la translocación del  
GLUT4 mediadas por la insulina en los adipocitos marrones. 
Resultados previos habían demostrado que la insulina induce la captación de 
glucosa vía PI3K/Akt en cultivos primarios de adipocitos marrones fetales de rata 
(Hernández et al., 2001; Valverde et al., 1999b). Teniendo esto en cuenta, comprobamos 
el efecto de la rapamicina en la captación de glucosa en respuesta a la insulina en los 
adipocitos marrones. Las células fueron tratadas con rapamicina (100 nM) durante 16 
horas tras las cuales se evaluó la captación de glucosa tras la estimulación durante 10 
minutos con insulina (10 nM). Tal como se muestra en la Figura 17, se obtuvo un 
incremento de 2.5 veces en la captación de glucosa en las células estimuladas con 
insulina comparándolas con las no tratadas. Sin embargo, en adipocitos marrones que 
fueron pretratados con rapamicina durante 16 horas la captación de glucosa en respuesta 
a la insulina disminuyó de manera significativa con respecto a la de los adipocitos 
marrones que no habían recibido el pretratamiento con rapamicina. 
 
 
Figura 17. El tratamiento con rapamicina disminuye la captación de glucosa en 
respuesta a la insulina en los adipocitos marrones. La captación de 2-deoxy-D[1-
3
H] fue 
medida tras la estimulación de los adipocitos marrones diferenciados con y sin pretratamiento 
con rapamicina (100 nM) durante 16 horas y posteriormente estimulados con  insulina (10 nM) 
durante 10 minutos. Los resultados son la media de 4 experimentos independientes realizados 






En los adipocitos marrones pretratados con rapamicina se observó un descenso de la 
translocación del GLUT4 a la membrana plasmática, tal como se muestra en la Figura 
18, hecho que no ocurría en las células que no habían recibido dicho pretratamiento. 
Dicha traslocación del GLUT4 a la membrana plasmática se analizó mediante Western 
blot (panel A) e inmunofluorescencia (panel B). 
 
 
Figura 18. El pretratamiento con rapamicina disminuye la traslocación de GLUT4 a la 
membrana plasmática en respuesta a la insulina en los adipocitos marrones. A. Mediante 
Western blot se muestra la detección de GLUT4 en la membrana plasmática de los adipocitos 
marrones. Como  control de carga de proteínas específicas de la membrana plasmática se utilizó 
caveolina-1. La gráfica representan la cuantificación de la translocación de GLUT4 a la 
membrana plasmática de los adipocitos marrones. Los resultados son la media ± SEM de 3 
experimentos independientes. *p < 0.05 respecto a las células que no recibieron pretratamiento 
con rapamicina. B. Imágenes representativas del análisis de la traslocación del GLUT4 mediante 
inmunofluorescencia como señalan las puntas de flecha (escala 10 µm). Las imágenes son 







3. La rapamicina induce la fosforilación de JNK e IRS1 (Ser 307) en los 
adipocitos marrones. 
La activación de la quinasa de estrés JNK inhibe la señalización de la insulina en 
tejidos periféricos debido a su capacidad de fosforilar al IRS1 en el residuo Ser 307, 
impidiendo la unión del IRS1 a la subunidad reguladora de la PI3K p85α y 
promoviendo la degradación del IRS1 mediante el sistema del proteasoma (Tanti y 
Jager, 2009; Pederson et al., 2001). Como en los experimentos anteriormente expuestos 
se observó que un pretratamiento con rapamicina durante 16 horas disminuía los niveles 
de la proteína IRS1, quisimos analizar la fosforilación de JNK (como un indicativo de 
su activación) en los adipocitos marrones diferenciados tratados con rapamicina (100 
nM) durante varios periodos de tiempo.  
Tal como se muestra en la Figura 19, el tratamiento de los adipocitos marrones con 
rapamicina inducía una rápida fosforilación de JNK con respecto a las células sin tratar, 
alcanzando el efecto máximo a los 30 minutos de estimulación. Además,  los niveles de 
JNK total se mantuvieron estables durante el tratamiento (panel A). De igual manera, 
analizamos la fosforilación de p-38 MAPK, que no fue modulada por el tratamiento con 
rapamicina (resultados no mostrados). 
Seguidamente quisimos analizar si la fosforilación de JNK mediada por la 
rapamicina provocaba la fosforilación del IRS1 en Ser 307. El análisis mediante 
Western blot reveló que los adipocitos marrones diferenciados tratados durante tiempos 
cortos con rapamicina presentaban una fosforilación del IRS1 en Ser 307, no variando 
los niveles de IRS1 totales (Figura 19, panel A). Para excluir que dicha fosforilación 
pudiera ser llevada a cabo por la S6K1 (Um et al., 2004) analizamos su fosforilación 
encontrando, tal como cabía esperar, que la  rapamicina inhibía la fosforilación de S6K1 













Figura 19. La rapamicina induce la activación de JNK y la fosforilación del IRS-1 (Ser 
307) en los adipocitos marrones. Los adipocitos marrones diferenciados se estimularon con 
rapamicina a la concentración de 100 nM durante diferentes peridos de tiempo. Los extractos de 
proteína se analizaron mediante Western blot usando los anticuerpos anti-fosfo IRS-1 (Ser 307), 
anti-fosfo-JNK (Thr 183/ Tyr 185) y anti-fosfo-S6K1 (Thr 389), tomando como control de 
carga las proteínas totales. Se muestra un experimento representativo. Los resultados de 
densitometrar 3 experimentos independientes se muestran en las gráficas correspondientes. Los 











4. El tratamiento con rapamicina interfiere  con  la señalización de la insulina en 
cultivo primario de adipocitos marrones y en el BAT de rata.  
Para confirmar que el efecto de la rapamicina sobre los adipocitos marrones 
diferenciados no era debido al protocolo de inmortalización, se plantearon experimentos 
con cultivos primarios de adipocitos marrones extraídos del BAT interescapular de ratas 
lactantes de 20 días de vida. Estos adipocitos marrones se diferencian espontáneamente 
a los 8 días de la siembra tal como se indica en Materiales y Métodos. 
El pretratamiento de los adipocitos marrones primarios durante 16 horas con 
rapamicina a la concentración de 100 nM impidió la fosforilación de Akt en los residuos 
Ser 473 y Thr 308 mediada por insulina (10 nM) (Figura 20).  
 
Figura 20. El tratamiento con rapamicina bloquea la fosforilación de Akt mediada por 
insulina en cultivo primario de adipocitos marrones de ratas lactantes. Se realizaron  
cultivos primarios de preadipocitos marrones de ratas lactantes tal como se describe en 
Materiales y Métodos. Una vez sembradas las células, éstas se dejaron diferenciar 
espontáneamente y seguidamente fueron tratadas con rapamicina a la concentración de 100 nM 
durante 16 horas y posteriormente estimuladas con insulina (10 nM) durante 10 minutos. Se 
analizaron las proteinas mediante Western blot con los anticuerpos anti-fosfo-Akt (Ser 473), 
anti-fosfo-Akt /Thr 308) y anti-Akt. Los resultados corresponden a la media ± SEM de tres 
experimentos independientes realizados por duplicado. *p < 0.05 respecto a celulas que no 





Además, comprobamos que el pretratamiento con rapamicina inducía la 
fosforilación de JNK y del IRS en Ser 307, lo que excluía de nuevo la vinculación entre 
el protocolo de inmortalización de los adipocitos marrones y el efecto de la rapamicina 
(Figura 21). 
 
Figura 21. La rapamicina induce la fosforilación de JNK e IRS 1 (Ser 307) en cultivos 
primarios de adipocitos marrones de BAT de ratas lactantes. Una vez diferenciados, los 
adipocitos marrones primarios se trataron con rapamicina (100 nM)  en los periodos de tiempo 
indicados. Se analizó mediante Western blot la fosforilación de JNK, IRS1 (Ser 307) y S6K1, 
referidos a las condiciones basales. Los resultados son la media ± SEM de 3 experimentos 








Recientemente se ha publicado que el tratamiento crónico de ratas Wistar con 
rapamicina provoca alteraciones en el metabolismo de la glucosa a nivel sistémico, en la 
sensibilidad a la insulina y en la señalización de la insulina en hígado, músculo 
esquelético y WAT (Lopes et al., 2014b). Para dilucidar el efecto de la rapamicina en el 
BAT in vivo se analizó la señalización de la insulina en ratas que habían recibido un 
tratamiento con rapamicina durante 3 semanas tal como se describe en Materiales y 
Métodos. La Figura 22 muestra que la fosforilación de Akt (en ambos residuos: Ser 473 
y Thr 308) en respuesta a la insulina fue ampliamente atenuada en el BAT de ratas 
tratadas con rapamicina durante 3 semanas. 
 
Figura 22: El tratamiento con rapamicina en ratas Wistar durante 3 semanas impidió 
la fosforilación de Akt mediada por la insulina. Ratas Wistar fueron tratadas con rapamicina 
y estimuladas con insulina como se describe en Materiales y Métodos. La fosforilación de Akt 
fue analizada en lisados de BAT mediante Western blot. Los niveles de fosforilacion se refieren 






5. La inhibicion de la JNK mejora el efecto de la rapamicina en la señalización de 
la insulina en los adipocitos marrones. 
Teniendo en cuenta las premisas anteriores de que el pretratamiento con rapamicina 
fosforila la JNK y, en consecuencia, se ve afectada de manera negativa la señalizacion 
de la insulina en los adipocitos marrones, comprobamos si dicha inhibición de la 
casacada de señalización se debía a la activación temprana de JNK y la consiguiente 
fosforilación de IRS1 en Ser 307 que conlleva a su degradación (Pederson et al., 2001). 
Para ello, tratamos a los adipocitos marrones con rapamicina en presencia o 
ausencia del inhibidor de JNK SP600125 durante 90 minutos, tiempo suficiente para 
detectar la fosforilación del IRS1 en el residuo Ser 307 (Figura 23) según los resultados 
mostrados en experimentos anteriores (Figura 19). La concentración de SP600125 en la 
que se observaba una inhibición de la fosforilación de JNK más eficiente fue 20 µM 
(Figura 24). 
 
Figura 23. La inhibición de JNK mediante SP600125 impide la fosforilacion de IRS1 
en Ser 307 inducida por rapamicina. Los adipocitos marrones diferenciados se trataron con 
rapamicina (100 nM) durante 90 minutos en ausencia ó presencia del inhibidor de JNK, 
SP600125, usado a 20 µM. Se analizó la fosforilación de IRS1 (Ser 307) mediante Western blot. 
La gráfica corresponde a la cuantificación de los resultados obtenidos en 3 experimentos 









Figura 24. Efecto del inhibidor de JNK SP600125 sobre la fosforilación de JNK 
inducida por rapamicina. Los adipocitos marrones diferenciados fueron tratados durante 90 
minutos con rapamicina 100 nM en presencia o ausencia del inhibidor de JNK SP600125 a la 
concentración de 20 µM. Se analizó la fosforilación de JNK (Thr 183/ Tyr 185) mediante 
Western blot, usándose los niveles totales de JNK total como control de carga. Se muestra un 
experimento representativo que fue corroborado por otros dos experimentos independientes en 
los que se obtuvo el mismo resultado. 
 
A continuación analizamos los niveles totales del IRS1 tras el cotratamiento con 
rapamicina y SP600125 durante 16 horas. Tal como se muestra en la Figura 25, dicho 
cotratamiento preserva los niveles de la proteina IRS1  
 
Figura 25. El cotratamiento con rapamicina y SP600125 preserva los niveles totales del 
IRS1 en los adipocitos marrones. Los adicpocitos marrones diferenciados se trataron con 
rapamicina (100 nM) durante 16 horas en presencia ó ausencia del inhibidor de JNK, SP600125, 
usado a 20 µM. La expresión del IRS1 se analizó mediante Western blot. Los resultados de 3 
experimentos independientes se cuantificaron densitomentrando las bandas obtenidas. Los 
resultados mostrados son las medias ± SEM. Los niveles de IRS1 se refieren a los obtenidos con 






A continuación analizamos el efecto del cotratamiento de rapamicina y SP600125 
durante 16 h sobre la señalización de la insulina y encontramos una  mejora en el efecto 
de la insulina sobre la fosforilación de Akt tanto en el residuo Ser 473 como en el Thr 





Figura 26. La inhibición de JNK con SP600125 mejora la sensibilidad a la insulina en 
los adipocitos marrones tratados con rapamicina. Tras 16 horas de tratamiento con 
rapamicina (100 nM) en presencia o ausencia de SP600125 (20 µM), los adipocitos marrones se 
estimularon con insulina (10 nM) durante 10 minutos. Los lisados celulares se analizaron 
mediante Western blot utilizando anticuerpos frente a fosfo-Akt (Ser 473), fosfo-Akt (Thr 308), 
Akt y fosfo-S6K1 (Thr 389). El resultado de 3 experimentos independientes se cuantificó 
mediante densitometría, mostrandose la media ± SEM de 3 experimentos independientes. *p< 






6. Efecto del tratamiento con rapamicina sobre la lipolisis y la expresión de   
Ucp-1 inducidas por NE o por el agonista β3 adrenérgico CL316243. 
El efecto de rapamicina sobre la estimulacion que provocan la NE  y el agonista β3 
CL316243 en la lipolisis en los adipocitos marrones fue evaluado ya que constituye un 
indicio temprano de la activación de la termogénesis. 
Los adipocitos marrones diferenciados se estimularon con NE (5 µM) o CL316243 
(2 µM) durante 4 horas. Para comprobar que estas células son sensibles a ambos 
estímulos por el aumento de la señalización β-adrenérgica analizamos la fosforilación 
de la HSL y la consiguiente liberación de glicerol al medio de cultivo celular. Tal como 
se muestra en la Figura 27, en las células pretratadas durante 16 horas con rapamicina se 
observó un descenso significativo del efecto de la NE y del CL316243 en la 
fosforilación de la HSL en el residuo Ser 660.  Tal como cabía esperar, el 
pretratamiento con rapamicina disminuyó la lipolísis de los adipocitos marrones en 







Figura 27. El tratamiento con rapamicina disminuye la lipolisis mediada por NE o 
CL316243 en los adipocitos marrones. A) Los adipocitos marrones se trataron con rapamicina 
(100 nM) durante 16 horas (o permanecieron sin tratar en el grupo control) y durante las ultimas 
4 horas se simultaneó el tratamiento con NE a la concentración de 5 µM o con el agonista β3 
CL316243 a la  concentración de 2 µM. Analizamos la fosforilacion de HSL (Ser 660) mediante 
Western blot. Los resultados de 3 experimentos independientes se cuantificaron  mostrando la 
media ± SEM. *p < 0.05 respecto a la estimulación con NE ó CL316243 en ausencia de 
rapamicina. B) En paralelo, medimos la liberación de glicerol al medio de cultivo como se 
detalla en Materiales y Métodos. Los resultados se expresan en referencia a la estimulación con 






 Estudios previos del laboratorio describieron que la combinación de NE y T3 
induce un aumento de los niveles del ARNm de Ucp1 en cultivos primarios de 
adipocitos marrones de rata (Hernandez y Obregón, 2000). Teniendo esto en cuenta 
valoramos el efecto de la rapamicina sobre la expresión de genes termogénicos como 
son Ucp1 y Pgc1a analizando sus niveles de ARNm. 
Las células fueron tratadas con rapamicina durante 16 horas y durante las últimas 8 
horas en presencia de NE a la concentración de 5 µM y de T3  a la concentración de 1 
nM. La rapamicina disminuyó drásticamente los niveles de ARNm de Ucp1 y Pgc1a, 
que en ausencia de rapamicina aumentan 100 y 3.5 veces, respectivamente, con respecto 
a las células control sin estimulación (Figura 28). 
 
Figura 28. La rapamicina inhibe los niveles de ARNm de Ucp1 y Pgc1a inducidos por 
la combinación de NE y T3. Los adipocitos marrones diferenciados de rata se trataron con 
rapamicina (100 nM) durante 16 horas o permanecieron sin tratamiento, y durante las últimas  8 
horas se trataron con la combinación de NE (5 µM) y T3 (1nM). Los  niveles de ARNm de Ucp1 
y Pgc1α se analizaron mediante RT-PCR. Los resultados muestran el número de veces que se 
incrementa la expresión de ambos ARNm en referencia a la combinación NE+T3 en ausencia de 










Debido a las dificultades para detectar la proteína UCP1 en los adipocitos marrones 
de rata estimulados con NE (Hernandez et al, 2011), analizamos el nivel de UCP1 en 
una linea de adipocitos marrones inmortalizados de ratón previamente generada en el 
laboratorio, tal y como se ha descrito en Materiales y Métodos, ya que los adipocitos de 
ratón muestran una mayor sensibilidad que los de rata. Tal como se muestra en la Figura 
29, la expresión de la proteína UCP1 se elevaba con la estimulación de NE pero 
disminuía drasticamente tras el cotratamiento de los adipocitos marrones con 
rapamicina y NE. 
 
Figura 29. El tratamiento de los adipocitos marrones con rapamicina es capaz de 
revertir el efecto de la NE en la expresión de la proteína UCP1 en adipocitos marrones de 
ratón. Analizamos los niveles de la proteína UCP1 en adipocitos marrones de ratón 
diferenciados tratados con rapamicina (100 nM) durante 16 horas y estimulados con NE (5 µM) 
durante las ultimas 8 horas de tratamiento. Analizamos los niveles de α-Tubulina como control 
de carga. Los resultados mostrados son la media ± SEM de 3 experimentos independientes. *p < 










7. La rapamicina disminuye la respiración mitocondrial en los adipocitos 
marrones. 
Para entender mejor cómo afectaba la rapamicina a la actividad mitocondrial en los 
adipocitos marrones procedimos a medir su perfil respiratorio usando el analizador de 
flujo extracelular XF24 (Seahorse Biosciences). Los adipocitos marrones se trataron con 
rapamicina a la concentración de 100 nM durante 16 horas tras las cuales se realizo la 
medición tal como se detalla en Materiales y Métodos. Como se observa en la Figura 
30, el tratamiento con rapamicina disminuyó la respiración basal, el flujo de protones y 
la capacidad máxima de respiración de estas células. 
 
 
Figura 30. El tratamiento con rapamicina disminuye la respiracion basal, el flujo de 
protones y la tasa de respiración máxima en los adipocitos marrones. Mediante la 
tecnología Seahorse se cuantificaron estos tres parámetros, mostrando la media ± SEM. *p < 
0.05 respecto a células tratadas con rapamicina (Rapa) (n= 9 valores de 3 experimentos 







8. El tratamiento con rapamicina disminuye la actividad desiodasa D2 en  
adipocitos marrones estimulados con NE.  
Estudios previos del laboratorio han demostrado que la T3 es necesaria para una 
completa estimulación β-adrenérgica de los adipocitos marrones. En el BAT la T3 es 
producida localmente por la enzima desiodasa D2, que es considerada un marcador de 
actividad termogénica del BAT (Martínez-de Mena y Obregón, 2005) . Teniendo esto 
en cuenta, estudiamos el efecto del tratamiento con rapamicina sobre la actividad D2. 
Los adipocitos marrones de rata se trataron con T3 (1 nM) durante 24 horas, y la mitad 
de ellos con rapamicina (100 nM) durante 16 horas y se añadió NE durante las ultimas 8 
h en la mitad de las muestras. Tras retirar el medio, se recogieron las celulas sobre nieve 
carbónica y se valoró la actividad D2 tal como se detalla en Materiales y Métodos, 
obteniendo como resultado que en los adipocitos marrones la rapamicina disminuye la 
actividad  desiodasa D2 de forma significativa, cuando la D2 está estimulada 
adrenergicamente con NE (Figura 31), mientras que la actividad D2 basal (no 
estimulada con NE) no se ve afectada por la rapamicina (no se muestra). Este resultado 
es similar a lo encontrado en el ARNm de la Ucp1 (Figura 29). 
 
Figura 31. Efecto de la rapamicina sobre la actividad desiodasa D2 en los adipocitos 
marrones. La estimulación de la actividad D2 provocada por la estimulación con NE y T3 
disminuyó tras el tratamiento  conjunto con NE, T3 y Rapamicina. La actividad D2 basal no se 
afectó por la Rapamicina y T3 (resultados no mostrados). Los datos están expresados en  
fentomoles de T3 generados / h mU/ por mg de proteína. (n=3 / grupo). ***p < 0.01 respecto al 


























Nuestro país encabeza la lista europea de trasplantes anuales, con un total de 4.769 
trasplantes en el año 2015. Por órganos, se realizaron 2.905 trasplantes renales, 1.162 
hepáticos, 299 cardíacos, 294 pulmonares, 97 de páncreas y 12 intestinales, según datos 
de la Organización Nacional de Trasplantes (www.ont.es). El uso de inmunosupresores 
en pacientes trasplantados de órganos sólidos es imprescindible para garantizar que el 
nuevo órgano no sea rechazado por el receptor debido a la reacción del sistema inmune 
(Martín-Dávila et al., 2007). Los primeros inmunosupresores empleados en estos 
pacientes fueron los esteroides y la azatioprina, seguidos de los inhibidores de 
calcineurina (como ciclosporina A y tacrolimus) e inhibidores del complejo mTOR 
(como rapamicina, también conocida como sirolimus), pero pronto se comprobó que el 
uso de estos medicamentos provocaba, entre otros daños colaterales, alteraciones en el 
metabolismo lipídico y glucídico (Klintmalm y Nashan, 2014). De esta manera, entre 
las patologías secundarias derivadas del uso de los inmunosupresores se encuentra la 
diabetes post-trasplante (NODAT) debido a que los inmunosupresores como la 
rapamicina, modulan negativamente la señalización de la insulina en los tejidos 
periféricos relevantes como el músculo o el WAT (Deblon et al., 2012) debido a la  
inhibición del complejo mTORC1 (Magnusson et al., 2017), aunque un estudio reciente 
ha mostrado que en algunos modelos de ratones diabéticos el tratamiento con 
rapamicina podría mejorar la resistencia a insulina (Reifsnyder et al., 2016). También se 
han publicado estudios de administración conjunta de inhibidores de calcineurina y 
rapamicina, puesto que, como se ha indicado en la introducción, presentan diferente 
mecanismo de actuación y podrían ejercer efectos complementarios en referencia al 
metabolismo lipídico y glucídico para evitar la aparición de NODAT. Sin embargo, los 
resultados obtenidos con esta combinación no fueron beneficiosos ya que no se mejoró 
la supervivencia del injerto y, además, se acentuó la toxicidad renal (Bamgbola et al., 
2016). 
Estudios en adipocitos blancos maduros humanos procedentes de los depósitos 
subcutáneo y omental han demostrado que el tratamiento con rapamicina, tanto agudo 
como crónico, provoca un descenso de la captación de glucosa inducida por la insulina 
(Pereira et al., 2012). Otros estudios muy recientes muestran que ante la pérdida de 
funcionalidad del complejo mTORC1 en ratones con modificaciones génicas en Raptor, 
el BAT es incapaz de adaptarse al frio (Labbe et al., 2016) y se reduce su volumen así 





tejido-específico, siendo necesarias nuevas evidencias experimentales para dilucidar el 
efecto de mTORC1 en el funcionamiento del BAT. Teniendo en cuenta estos estudios 
previos y debido a la falta de investigaciones sobre el efecto del inmunosupresor 
rapamicina en la señalización de la insulina y en la función termogénica del BAT, 
decidimos abordar este reto utilizando adipocitos marrones en cultivo. 
El análisis de los efectos de la rapamicina sobre la ruta de señalización de la insulina 
en adipocitos marrones requería de un modelo in vitro que facilitara la experimentación 
a nivel mecanístico. Para ello, generamos líneas celulares inmortalizadas a partir del 
BAT interescapular de ratas y ratones de 20 días de vida, siendo esta edad una novedad 
en la generación de líneas celulares puesto que otros grupos de investigación las habían 
obtenido a partir de fetos o de animales recién nacidos (Lorenzo et al., 1996; Valverde 
et al., 1999a;  Klein et al., 2002; Miranda et al., 2010). El uso de BAT de fetos o 
neonatos para generar líneas celulares inmortalizadas implica que, aunque el número de 
preadipocitos o de células precursoras es muy elevado, los adipocitos maduros no están 
cargados con suficientes lípidos de manera que en el proceso de aislamiento no flotan y 
no se puede alcanzar una correcta separación de adipocitos maduros y de precursores. 
Al generar líneas celulares a partir de BAT de animales lactantes, los adipocitos 
maduros presentan un elevado contenido lipídico de manera que flotan resultando muy 
fácil separarlos de los preadipocitos. Así, la población de preadipocitos obtenidos es 
más homogénea y presenta una mayor pureza, lo que permite que dichas células sean 
recogidas y sembradas fácilmente para comenzar con el protocolo de inmortalización 
para el establecimiento de la línea celular. 
Una vez establecidas las líneas celulares de preadipocitos marrones procedentes de 
ratas lactantes, procedimos a su diferenciación a adipocitos marrones maduros. Para 
ello, seguimos el mismo protocolo experimental que el descrito previamente para 
inmortalizar los adipocitos marrones de ratones neonatos (Miranda et al., 2010).  
Una vez diferenciados los preadipocitos marrones comprobamos que el protocolo de 
aislamiento, cultivo, inmortalización y diferenciación celular se había realizado de 
manera correcta mediante el análisis de los niveles de proteínas relevantes que se 
expresan en el BAT como son UCP1, marcadora de la función termogénica; FAS, 
marcadora de la diferenciación adipogénica; GLUT4 e IR, marcadores de sensibilidad a 





avanzaban los días de diferenciación. Además, analizamos los niveles del IGF-IR ya 
que se expresa altamente en los preadipocitos y fibroblastos y comprobamos que 
disminuían a medida que los preadipocitos se diferenciaban a adipocitos marrones 
maduros. Por tanto, los resultados de este análisis nos permitieron concluir que las 
líneas celulares inmortalizadas de preadipocitos marrones de rata lactante diferencian en 
condiciones experimentales similares a las de los preadipocitos marrones procedentes de 
ratones neonatos, adquiriendo un fenotipo de adipocitos marrones maduros que también 
caracterizamos por la presencia de numerosas gotas de grasa en el citosol. 
Los resultados de este trabajo han demostrado por primera vez que los adipocitos 
marrones son sensibles a la acción de la rapamicina, ya que éste inmunosupresor afecta 
tanto a la señalización de la insulina como a la expresión de genes termogénicos 
inducida por NE. Estos resultados sugieren que la resistencia a insulina en adipocitos 
marrones puede jugar un papel importante en el desarrollo del NODAT. De hecho, 
estudios previos en ratones modificados genéticamente deficientes en el IR 
exclusivamente en adipocitos marrones (ratones BATIRKO) revelaron la importancia 
de mantener funcional la señalización de la insulina en el BAT para el control de la 
homeostasis glucídica del organismo, así como para controlar el balance energético. 
Estos ratones desarrollan intolerancia a la glucosa debido a un fallo en la secreción de 
insulina  (Guerra et al., 2001) y aumentan de manera significativa su adiposidad visceral 
cuando son sometidos a una dieta rica en grasa (Gómez-Hernández et al., 2012). 
También es importante destacar que las alteraciones de la adiposidad y de la 
homeostasis glucídica en los ratones BATIRKO obesos eran debidas a un estado de 
inflamación crónica de bajo grado originado por un  aumento de citoquinas y factores 
proinflamatorios como el TNFα, radicales libres de oxígeno e infiltración de 
macrófagos que a su vez dificulta la correcta señalización de la insulina y que se ha 
relacionado directamente con daños vasculares, obesidad y riesgos cardiovasculares 
(Gómez-Hernández et al., 2012; Apovian et al., 2008). Otra alteración a destacar en el 
ratón BATIRKO es el descenso de los niveles del factor de transcripción C/EBP-α (no 
así PPARγ), lo que indica la importancia de la señalización de la insulina para el 
correcto desarrollo de la adipogénesis en el BAT (Guerra et al., 2001). 
La primera evidencia experimental que encontramos sobre el impacto negativo de la 
rapamicina sobre la señalización de la insulina en los adipocitos marrones fue el 





rapamicina. Cabe destacar que las proteínas IRS son reguladores críticos de las rutas de 
señalización que permiten la diferenciación de los adipocitos marrones ya que 
resultados previos de nuestro laboratorio y otros indicaron que la deleción genética de 
Irs1 en ratones suprime la fosforilación de Akt inducida por insulina en preadipocitos 
marrones, impidiendo así la diferenciación adipogénica y una adecuada respuesta 
termogénica (Valverde et al., 1999a; Valverde et al., 2003a; Tseng et al., 2004; 
Fasshauer et al., 2001) 
El análisis de la señalización de la insulina tras un pretratamiento de 16 h con 
rapamicina reveló un descenso en la fosforilación de Akt, tanto en el residuo Ser 473 
como en la Thr 308. Como consecuencia de este pretratamiento con rapamicina, se 
detectó una disminución de la translocación de GLUT4 a la membrana plasmática y un 
descenso en la captación de glucosa en los adipocitos marrones en respuesta a la 
insulina. Estos resultados no nos sorprendieron puesto que se ha demostrado que ambas 
son dependientes de la fosforilación de Akt inducida por la insulina (Huang y Czech, 
2007). Estos resultados concuerdan con resultados previos observados in vivo en 
ratones o ex vivo en el WAT humano donde el pretratamiento con rapamicina 
disminuyó la translocación de GLUT4 a la membrana plasmática y la captación de 
glucosa inducidas por la insulina (Lopes et al., 2013; Pereira et al., 2012). Sin embargo, 
otros inmunosupresores como ciclosporina A (CsA) o FK506, no impiden la 
fosforilación de Akt pero aumentan la velocidad de endocitosis del GLUT4 (Fuhrmann 
et al., 2014). Resultados preliminares de nuestro laboratorio con adipocitos marrones 
tratados con éstos inmunosupresores han revelado que también son capaces de 
disminuir los niveles del IRS1, así como de impedir la fosforilación de Akt en respuesta 
a la insulina (resultados no mostrados). 
Nuestros resultados también han demostrado una modulación diferencial de las 
proteínas IRS por el tratamiento con rapamicina ya que a diferencia de lo que ocurre 
con el IRS1, en los adipocitos marrones la expresión del IRS2 no se modifica tras el 
tratamiento con rapamicina durante 16 h. Esta especificidad en la modulación de las 
proteínas IRS por la rapamicina también se ha descrito por otros autores puesto que en 
adipocitos humanos de localización subcutánea disminuye la expresión de IRS2 (Pereira 
et al., 2012). Por tanto, nuestros datos apuntan a una especificidad celular de la 
rapamicina desencadenando la degradación del IRS1 en los adipocitos marrones o del 





concepto que existe en el campo de la señalización de la insulina  de la especificidad de 
las proteínas IRS1/2 para transducir la señalización celular iniciada por la activación del 
IR de manera diferencial en distintos tipos celulares, y podría ser de utilidad terapéutica 
para el tratamiento la resistencia  a la insulina en patologías como NODAT. 
A continuación, nos propusimos profundizar en los aspectos mecanísticos 
subyacentes al tratamiento con rapamicina que conlleva la disminución de los niveles 
del IRS1 en los adipocitos marrones. Para ello, analizamos la señalización celular 
desencadenada por la rapamicina a tiempos más cortos, es decir, tiempos anteriores a la 
visualización de la degradación del IRS1. Es ampliamente conocido que la fosforilación 
del IRS1 en el residuo Ser 307 regula negativamente la transducción de la señal de la 
insulina ya que inhibe la activación de la PI3K a través de la disrupción de la 
interacción entre el IRS1 y la subunidad reguladora de la PI3K p85α (Copps y White, 
2012) y además dirige al IRS1 para su degradación en el sistema del proteosoma (Tanti 
y Jager, 2009). La fosforilación del IRS1 en el residuo Ser 307 puede inducirse por 
estrés celular, por la propia insulina (para frenar la señalización impidiendo de esta 
manera la activación sostenida del IR), por citoquinas proinflamatorias como el TNFα, 
lípidos y también por activación del complejo mTORC1, provocando resistencia a 
insulina (Pederson et al., 2001; Berg et al., 2002). Nuestros resultados en adipocitos 
marrones demostraron que el descenso de los niveles de IRS1 tras 16 h de tratamiento 
con rapamicina iba precedido por una fosforilación en el residuo Ser 307 a tiempos 
cortos de tratamiento (15 min-2 h). Estos datos sugieren que cuando se inhibe mTORC1 
con rapamicina, otras Ser/Thr quinasas deben estar implicadas en este mecanismo de 
retroalimentación negativo. Entre los candidatos alternativos que podrían mediar esta 
fosforilación del IRS1 en Ser 307 en presencia de rapamicina postulamos a JNK debido 
a estudios anteriores que mostraban que es capaz de unirse al IRS1 y que su actividad 
quinasa fosforila al IRS1 en dicho residuo (Hilder et al., 2003; Kim et al., 2009). 
Además, JNK es activado por estímulos que inducen resistencia a la insulina como son 
la hiperinsulinemia, el exceso de nutrientes o el estrés oxidativo (Copps y White, 2012). 
Además, la regulación negativa de la cascada de señalización de la insulina por 
fosforilación del IRS1 en Ser 307 se ha estudiado en múltiples modelos animales y 
celulares. Por ejemplo, resultados de nuestro laboratorio donde se analizó la resistencia 





presentaban una elevación en los niveles de fosforilación de JNK así como mayores 
niveles de fosforilación del IRS1 en Ser 307 (Gonzalez-Rodriguez et al., 2012). 
Cabe destacar que la fosforilación del IRS1 en Ser 307 se ha encontrado también en 
células de la retina (fotorreceptores) expuestas a un ambiente proinflamatorio (Arroba y 
Valverde, 2015). En este caso, dicha fosforilación, que también precedía a la 
degradación del IRS1, tenía consecuencias negativas en la fosforilación de Akt en 
respuesta al IGF-I cuya señalización es necesaria para el mantenimiento de la 
supervivencia de los fotorreceptores.  
En nuestros experimentos observamos que en adipocitos marrones diferenciados, 
tanto en cultivos primarios como en líneas inmortalizadas, el tratamiento con 
rapamicina inducía rápidamente la fosforilación de JNK. Esta respuesta, que fue 
suprimida significativamente con el inhibidor de JNK SP600125, se correlacionaba con 
la fosforilación del IRS1 en Ser 307. Por tanto, el tratamiento con rapamicina además de 
inactivar directamente al complejo mTORC1, podría estar incrementando el estrés 
oxidativo provocando un aumento de las especies reactivas de oxigeno que activan a 
JNK que a su vez fosforila al IRS1 en Ser 307 de una manera independiente a 
mTORC1. En relación con estos resultados, se ha encontrado que en células cardiacas 
que carecen de mTORC1 se induce la activación de JNK, incrementa la apoptosis y  
disminuye  la transcripción del factor HIF1-α, lo que conduce a un estado de hipoxia 
(Mazelin et al., 2016). En este mismo trabajo se vincula la importancia de mTORC1 con 
el metabolismo energético ya que el tejido cardiaco, al igual que el BAT, requiere de un 
aporte constante y elevado de energía obtenido por la fosforilación oxidativa en la 
mitocondria. Así, los ratones deficientes en mTORC1 en el tejido cardíaco presentaron 
alteraciones similares a las causadas por el tratamiento con rapamicina ya que reprimen 
la señalización de PPARα en relación al metabolismo de ácidos grasos en la 
mitocondria. Esta represión del metabolismo de ácidos grasos en la mitocondria 
también se ha encontrado en modelos animales de células cardíacas con Akt activado de 
forma constitutiva (Wende et al., 2015). 
Aunque estos datos no se muestran en la sección de resultados, tras el tratamiento de 
los adipocitos marrones con rapamicina durante tiempos cortos no se activaban las 
quinasa ERK y p38-MAPK, por lo que descartamos su papel en la modulación de la 





embargo, otros grupos de investigación han encontrado que en los adipocitos blancos 
humanos procedentes de tejido omental y subcutáneo la fosforilación del IRS1 en Ser 
307 se reduce significativamente después de un tratamiento con rapamicina tanto a 
tiempos cortos (13 minutos) como largos (20 horas), (Pereira et al., 2012), lo que 
demuestra que como se ha señalado anteriormente el efecto de la rapamicina puede 
tener especificidad celular y actuar de forma diferente en adipocitos blancos y marrones. 
 Además de los efectos de la rapamicina encontrados in vivo en el WAT, la 
rapamicina es capaz de inducir a nivel sistémico resistencia a la insulina e intolerancia a 
la glucosa, impidiendo la señalización de la insulina en otros tejidos como el musculo 
esquelético y el hígado en ratas Wistar tratadas durante 3 semanas con este compuesto 
(Lopes et al., 2014b). De acuerdo con estos estudios previos, nuestros resultados in vivo 
muestran que este mismo tratamiento también interfiere con la señalización de la 
insulina en el BAT impidiendo la fosforilación de Akt. Experimentos adicionales 
midiendo la captación de glucosa in vivo serían extraordinariamente interesantes para 
corroborar la relevancia fisiológica de nuestros resultados. 
En los mamíferos, el BAT actúa como un regulador clave del metabolismo 
energético mediante la liberación de FFAs, inducida por la ruta β-adrenérgica a partir de 
TAG, en el proceso de lipolisis (Cannon y Nedergaard, 2004; Fedorenko et al., 2012). 
El BAT utiliza FFAs como sustratos oxidativos para la respiración así como para la 
activación alostérica de la UCP1. Se ha descrito que la lipolisis inducida por NE es 
capaz de provocar la activación de los receptores nucleares PPARα y PPAR (Mottillo 
et al., 2012), lo que induce la expresión del gen Ucp1 en el BAT. Nuestros resultados 
muestran que el tratamiento con rapamicina disminuye la activación de la lipolisis 
inducida por NE o CL316243. Este último es un agonista de ADRβ3 , ya que son estos 
receptores y no los ADRα los que median la señalización adrenérgica en el BAT 
(Hutchinson et al., 2005; Hutchinson y Bengtsson, 2006), mediante la inhibición de la 
fosforilación de la HSL en el residuo Ser 660. Resulta interesante el hecho de que en los 
adipocitos 3T3-L1 (modelo celular de adipocitos blancos) se observa el efecto contrario, 
es decir, un aumento de la fosforilación de HSL y de la lipolisis mediada por el 
tratamiento con rapamicina (Soliman et al., 2010). De igual manera, este efecto 
contrario también se ha descrito en el ratón deficiente de S6K1 (diana directa de 
mTORC1) que presentan un fenotipo delgado tras la alimentación con una dieta 





entre el WAT y el BAT podría implicar a diferentes moduladores de la fosforilación de 
HSL de una manera específica en cada tipo celular. En este sentido, la activación de la 
fosfatasa PP2A parece ser la responsable de la defosforilación de HSL en los adipocitos 
blancos aislados de rata (Wood et al., 1993), aunque otros autores han identificado a la 
proteína PRIP (del inglés phospholipase C-related catalytically inactive protein) como 
un modulador negativo de la termogénesis en los adipocitos marrones (Oue et al., 2016) 
por su capacidad de disminuir la fosforilación de la HSL y la lipolisis. Resultan 
igualmente interesantes los hallazgos recientes que identifican a la proteína Grb10 (del 
inglés Growth factor receptor bound protein 10) como un modulador negativo de 
mTORC1 en el BAT y en el WAT y cuya deficiencia suprime la lipolisis y reduce la 
función termogénica tanto en adipocitos blancos como marrones (Liu et al., 2014). El 
estudio en profundidad de estos y de otros posibles mecanismos por los cuales la 
lipolisis se modula de manera diferencial por la rapamicina en los adipocitos marrones y 
blancos en el contexto del NODAT es una línea de trabajo que merece continuarse en 
profundidad.   
En el BAT, además de la lipolisis, la estimulación β-adrenérgica regula la 
termogénesis a través del control transcripcional de los genes implicados en dicho 
proceso. Nuestros resultados muestran claramente y por vez primera, la inhibición, 
mediada por rapamicina, de los niveles de ARNm  de Pgc1α y Ucp1 en los adipocitos 
marrones que deberían estar altamente inducidos por la acción de la NE. Se ha 
demostrado que la inhibición de mTORC1 por la rapamicina reduce la expresión génica 
de Pgc1α en el musculo esquelético de ratón así como la actividad mitocondrial 
mediante un mecanismo mediado por el factor de transcripción YY1 (ying y yang) 
(Cunningham et al., 2007). De esta manera, la inhibición de mTORC1 por rapamicina 
conduce a la incapacidad de YY1 para interactuar y ser coactivado por PGC-1α en el 
músculo esquelético (Blättler et al., 2012a). Además, en estas condiciones YY1 actúa 
como un represor transcripcional de ciertos genes de la señalización de la insulina 
(Blättler et al., 2012b). En el BAT, bajo condiciones de demanda energética mediada 
por la señalización adrenérgica, el YY1 aumenta la expresión del programa termogénico 
canónico uniéndose al promotor del gen de Ucp1 y reclutando a PGC-1α (Blättler et al., 
2012a). Nuestros experimentos sugieren que la disminución del RNA mensajero de 
Pgc1α y Ucp1 tras el tratamiento con rapamicina en adipocitos marrones podría estar 





finalmente provocaría la inhibición de los niveles de la proteína UCP1. Además, se 
conoce que moléculas mitocondriales dianas de PGC-1α que están involucradas en la 
fosforilación oxidativa, en el ciclo de los ácidos tricarboxílicos y en la respiración 
desacoplante son también inhibidas por rapamicina (Cunningham et al., 2007). De 
acuerdo con estos resultados, nuestros datos obtenidos mediante la tecnología Seahorse 
muestran claramente una reducción en la respiración basal, en el flujo de protones y en 
la respiración máxima en los adipocitos marrones tratados con rapamicina. 
Asimismo hemos analizado otro marcador de la funcionalidad del BAT, la desiodasa 
tipo 2 o D2, que se ha comenzado a emplear recientemente como una diana que indica 
la activación del BAT. La D2 se activa con la estimulación adrenérgica de modo 
semejante a la UCP1 y su función es producir T3 a nivel local, es decir para cubrir las 
necesidades del BAT y específicamente para la activación de la UCP1 y la 
mitocondriogénesis. Resultados anteriores del laboratorio demostraron que la expresión 
de la D2 es dependiente de insulina (Martínez-de Mena y Obregón, 2005). Nosotros 
hemos observado que la rapamicina inhibe la estimulación adrenérgica inducida por la 
NE. Esta inhibición implicaría que la cantidad de T3 disponible en el adipocito marrón 
estaría disminuida, así como las funciones dependientes de T3, como la lipogénesis y la 
termogénesis.  
   Nuestro trabajo ha demostrado que además de los adipocitos blancos, los 
adipocitos marrones son diana de la acción de la rapamicina ya que esta molécula tal 
como se esquematiza en la Figura 32 modula negativamente las acciones de la insulina 
y la NE. La activación del BAT se considera actualmente una herramienta con gran 
potencial para combatir la obesidad y otras complicaciones metabólicas en humanos 
(Saito et al., 2009). Por ello, es razonable proponer el uso de activadores del BAT 
descritos recientemente como el FGF21 (Hanssen et al., 2015) para el tratamiento de 







Figura 32. Propuesta de modelo de la señalización de la insulina en adipocitos 























1. Las líneas celulares inmortalizadas generadas de adipocitos marrones de rata y 
ratón mantienen las respuestas a la insulina y la norepinefrina y, por tanto, son 
una herramienta óptima para su utilización en estudios de señalización celular ya 
que los resultados obtenidos han sido validados en cultivos primarios de 
adipocitos marrones. 
 
2. La rapamicina regula de manera diferencia los niveles de IRS1 e IRS2 ya que el 
tratamiento de los adipocitos marrones con rapamicina durante 16 horas 
disminuye la expresión de IRS1 y la fosforilación de Akt en los residuos Ser 473 
y Thr 308 de manera dependiente de la dosis, manteniéndose intactos los niveles 
de IRS2.  
 
3. El tratamiento de los adipocitos marrones con rapamicina durante 16 h  
disminuye la translocación del GLUT4 a la membrana plasmática, así como la 
captación de glucosa en respuesta a la insulina. 
 
4. El tratamiento de los adipocitos marrones con rapamicina durante tiempos cortos 
(15-60 minutos) induce la activación de la quinasa de estrés JNK, lo que, a su 
vez, conduce a la fosforilación del IRS1 en el residuo Ser 307.  
 
5. La inhibición de JNK con el compuesto SP600125 suprime la fosforilación del 
IRS1 en el residuo Ser 307 en respuesta a la rapamicina en los adipocitos 
marrones, así como sus efectos negativos sobre la señalización de la insulina. 
 
6. El tratamiento farmacológico con rapamicina en ratas durante 3 semanas 
suprime la fosforilación de Akt en respuesta a la insulina en el tejido adiposo 
marrón. 
 
7. El tratamiento de los adipocitos marrones con rapamicina durante 16 horas 
disminuye la fosforilación de la lipasa sensible a hormonas (HSL) inducida por 
la norepinefrina y por el agonista adrenérgico β3 CL316243, lo que conlleva a 






8.  El tratamiento de los adipocitos marrones con rapamicina durante 16 h 
disminuye los niveles de ARNm de Ucp1 y Pgc1α, la expresión proteica de la 
UCP1 y la actividad desiodasa 2 inducidas por la norepinefrina. 
 
9. El tratamiento de los adipocitos marrones con rapamicina durante 16 h reduce la 
respiración basal, el flujo de protones y la capacidad respiratoria máxima en la 
mitocondria. 
 
Conclusión final: los adipocitos marrones son células sensibles al tratamiento con 
rapamicina, ya que tanto las respuestas a la insulina como a la norepinefrina se ven 
alteradas en presencia de este agente inmunosupresor. Por tanto, los resultados de esta 
Tesis Doctoral han puesto en evidencia por primera vez que el NODAT cursa con una 
pérdida de la funcionalidad de los adipocitos marrones, lo que sugiere la necesidad de 
nuevas estrategias terapéuticas dirigidas a preservar la actividad del tejido adiposo 
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Available online 26 September 2016New onset diabetes after transplantation (NODAT) is a metabolic disorder that affects 40% of patients on immu-
nosuppressive agent (IA) treatment, such as rapamycin (also known as sirolimus). IAs negativelymodulate insu-
lin action in peripheral tissues including skeletalmuscle, liver andwhite fat. However, the effects of IAs on insulin
sensitivity and thermogenesis in brown adipose tissue (BAT) have not been investigated. We have analyzed the
impact of rapamycin on insulin signaling, thermogenic gene-expression and mitochondrial respiration in BAT.
Treatment of brown adipocytes with rapamycin for 16 h significantly decreased insulin receptor substrate 1
(IRS1) protein expression and insulin-mediated protein kinase B (Akt) phosphorylation. Consequently, both
insulin-induced glucose transporter 4 (GLUT4) translocation to the plasma membrane and glucose uptake
were decreased. Early activation of the N-terminal Janus activated kinase (JNK) was also observed, thereby in-
creasing IRS1 Ser 307 phosphorylation. These effects of rapamycin on insulin signaling in brown adipocytes
were partly prevented by a JNK inhibitor. In vivo treatment of rats with rapamycin for three weeks abolished
insulin-mediated Akt phosphorylation in BAT. Rapamycin also inhibited norepinephrine (NE)-induced lipolysis,
the expression of peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α) and uncoupling protein
(UCP)-1 in brown adipocytes. Importantly, basal mitochondrial respiration, proton leak andmaximal respiratory
capacity were significantly decreased in brown adipocytes treated with rapamycin. In conclusion, we demon-
strate, for the first time the important role of brown adipocytes as target cells of rapamycin, suggesting that
insulin resistance in BAT might play a major role in NODAT development.
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alverde@iib.uam.es1. Introduction
Immunosuppressive therapy accounts for the remarkable success
attained in organ transplant survival. On the other hand, some immuno-
suppressive agents (IAs) have shown severalmetabolic side effects such
as hypertension, dyslipidemia and new onset diabetes after transplant
(NODAT) [1]. NODAT has been defined as a heterogeneous condition
of abnormal glucose tolerance with variable onset, duration and
severity, with similar diagnosis criteria as type 2 diabetes mellitus
(T2D). It is also referred to as post-transplantation diabetes mellitus
(PTDM) sharing characteristics with T2D, but the pathophysiology
may differ [2], recommending particular diagnosis and attention [3].
1930 E. García-Casarrubios et al. / Biochimica et Biophysica Acta 1861 (2016) 1929–1941Rapamycin, the mammalian target of rapamycin (mTOR) inhibitor,
has been used in clinical practice as an alternative to classical IAs such
as steroids, mycophenolate mofetil and calcineurin inhibitors to mini-
mize their serious side-effects, including nephrotoxicity, hypertension,
dyslipidemia, insulin resistance and NODAT [4–6], increasing the risk
of cardiovascular disease [7]. Despite its higher immunosuppressive ca-
pacity, rapamycin is also associated with several severe side effects;
however, the molecular mechanisms remain to be elucidated [8–9].
Studies from our group and others have shown that rapamycin re-
duces insulin sensitivity in peripheral tissues, including liver andmuscle
in rodents and white adipose tissue (WAT) in both human and rodents
[10–14]. Although the precise mechanisms remain to be elucidated,
rapamycin treatment impairs lipolysis, insulin-stimulated glucose up-
take and inhibits insulin signaling in white adipocytes, playing a major
role in rapamycin-induced insulin resistance [10,13,15–16]. However,
no studies have yet been performed to address the effects of rapamycin
in brown adipose tissue (BAT).
Despite having been considered an irrelevant tissue in adult humans
for a long time, consistent results have now revealed the metabolic rel-
evance of BAT, in particular its important role in the regulation of ther-
mogenesis and energy homeostasis [17–18]. BAT contains uncoupling
protein-1 (UCP-1), which uncouples oxidative phosphorylation releas-
ing energy stored in themitochondrial proton electrochemical gradient
as heat in response to catecholamines. In addition, BAT is amajor site for
lipid metabolism, fatty acids being the main fuel to maintain the ther-
mogenic capacity of the tissue [19]. High metabolic activity from BAT
has been identified mainly in the cervical and supraclavicular areas in
adult humans by 18F-deoxyglucose (FDG)-positron emission tomogra-
phy (PET)-computed tomography (CT) [20–27]. These studies demon-
strate that BAT is not only present but it is indeed active in adult
humans with significant importance in whole-body glucose homeosta-
sis when activated. In addition, subcutaneouswhite adipocytes can gain
a browning phenotype after severe adrenergic stress [28].
Growing evidence shows that impaired BAT function is also involved
in the development of insulin resistance. In particular, BAT lipoatrophy
can induce visceral adiposity, severe glucose intolerance, high postpran-
dial glucose levels and a defect in acute insulin secretion [29–30].
Moreover, these effects might be linked to mTOR, as suggested
using adipocyte-specific mTOR-knockout mice with both mTORC1 and
mTORC2 complexes deleted [31]. This study showed that ablation of
mTOR, a critical regulator of adipogenesis and systemic energymetabo-
lism, decreased both BAT and WAT mass and caused insulin resistance
in mice.
While many studies have evaluated the effect of IAs, in particular
rapamycin, in WAT, no studies have tested the effects of rapamycin
in BAT. Therefore, the goal of this work was to analyze the impact
of rapamycin in insulin sensitivity, thermogenic gene expression and
mitochondrial respiration in brown adipocytes.
2. Materials and methods
2.1. Reagents and antibodies
Cell culture reagentswere from Invitrogen (Carlsbad, CA, USA). Insu-
lin, NE and CL316243were from Sigma (Sigma-Aldrich, Saint Louis,MO,
USA). The anti-Large T antigen (LTAg) antibody was kindly provided by
J. de Caprio (Dana Farber Cancer Institute, Boston, MA). Anti-phospho
JNK (Thr 183/Tyr 185) (#4668), anti-phospho HSL (Ser 660) (#4126)
and anti-Akt (#9272) antibodies were from Cell Signaling Technology
(MA, USA). Rapamycin, anti-phospho IR (Tyr 1162/Tyr 1163) (sc-
25103-R), anti-IR (sc-711), anti-JNK (sc-571), anti-phospho Akt1/2/3
(Ser 473) (sc-7985-R), anti-phospho Akt1/2/3 (Thr 308) (sc-16646-R),
anti-phospho S6K1 (Thr 389) (sc-11759) and anti-caveolin-1 (sc-894)
antibodies were from Santa Cruz (Palo Alto, CA, USA). Anti-IRS1 (06-
248) and anti-phospho IRS1 (Ser 307) (07-247) antibodies were from
Merck Millipore (Merck KGaA, Darmstadt, Germany). The anti-IRS2antibody was a gift of M. White (Boston Children's Hospital, Boston,
USA). The anti-GLUT-4 (AB 1346) antibody was purchased from
Chemicon (Chemicon International, CA, USA). The anti-UCP-1 antibody
was purchased fromAbcam (Cambridge, UK). SP600125was purchased
from Calbiochem (Merck KGaA, Darmstadt, Germany).
2.2. Generation of an immortalized brown preadipocyte cell line from
suckling rats
Brown preadipocytes were isolated from the interscapular BAT of
20-day old suckling Sprague-Dawley rats as previously described [32].
Briefly, after digestion with collagenase A, mature brown adipocytes
were allowed to float and then discarded. The infranatant was filtered
through a 25 μm silk filter and then centrifuged. Brown preadipocytes
were seeded in DMEM supplemented with 10% neonatal calf serum
(NCS), 3 nM insulin, 10 mM HEPES, 50 IU penicillin, 50 μg/ml strepto-
mycin and 15 μM ascorbic acid. Precursor cells proliferate actively
under these conditions. Once brown preadipocytes reached 50–60%
confluence, these cells were infected with retroviral particles encoding
SV40 Large T antigen. For this, viral Bosc-23 packaging cells were
transfected at 70% confluence by calcium phosphate coprecipitation
with 3 μg/6 cm-dish of the puromycin-resistance retroviral vector
pBabe encoding attenuated SV40 Large T antigen (kindly provided by
J. de Caprio, Dana Farber Cancer Institute, Boston, MA). Then, primary
brown preadipocytes were infected with polybrene (4 μg/ml)-
supplemented virus for 48 h followed by selection with puromycin
(1 μg/ml) for a further 2 weeks. Five different pools of immortalized
cells, generated in independent infections, were expanded.
2.3. Differentiation of brown preadipocytes
For differentiation, immortalized brown preadipocytes were grown
in DMEM supplemented with 20% fetal calf serum (FCS), 20 nM insulin
and 1 nM triiodothyronine (T3) (differentiation medium, DM) until
reaching confluence as previously described [33]. Next, the cells were
cultured for two days in induction medium (IM) consisting of differen-
tiation medium supplemented with 0.5 μM dexamethasone, 0.125 μM
indomethacin and 0.5 mM isobutyl-methyl-xanthine (IBMX). Then,
cells were cultured inDMuntil day 6 that exhibited a fully differentiated
phenotype with numerous multilocular lipid droplets in their cyto-
plasm. To evaluate lipid droplets accumulation, Oil Red O staining was
performed. Differentiated brown adipocytes were fixed in 10% parafor-
maldehyde for 30 min at room temperature. Then, cells were washed
with PBS and subsequently rinsed in 60% isopropanol for 5 min to facil-
itate the staining of neutral lipids and stained with filtered Oil Red O
working solution (0.3% Oil Red O in isopropanol) for 15min. The excess
of Oil Red O was removed by rinsing the culture dishes with water for
several times.
2.4. Preparation of protein extracts and Western blot
Cells were scraped off in ice-cold PBS, pelleted by centrifugation at
4000 ×g for 10 min at 4 °C and resuspended in buffer containing
10 mMTris-HCl, 5 mMEDTA, 50mMNaCl, 30 mMdisodium pyrophos-
phate, 50 mM NaF, 100 μM Na3VO4, 1% Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin and 10 μg/ml
aprotinin pH 7.6 (lysis buffer). Cell lysates were clarified by centrifuga-
tion at 12,000 ×g for 10min at 4 °C. Protein content was determined by
the Bradford method, using the Bio-Rad reagent and BSA as the stan-
dard. After SDS-PAGE, proteins were transferred to Immobilon mem-
branes (Merck-Millipore), blocked using 5% non-fat dried milk or 3%
bovine serum albumin (BSA) in 10 mM Tris-HCl, 150 mM NaCl pH 7.5,
and incubated overnight with the antibodies indicated in 0.05%
Tween-20, 10 mM Tris-HCl, 150 mM NaCl pH 7.5. Immunoreactive
bands were visualized using the ECL Western blotting protocol
(Merck-Millipore).
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Total RNA was extracted with Trizol (Invitrogen). Complementary
DNA (cDNA) was synthesized by reverse transcription PCR (RT-PCR)
from 1 μg of RNA using iScript cDNA synthesis kit (BioRad, Hercules,
CA). For qPCR, each cDNA sample was run in an ABI 7300 in triplicate
well, in the following PCR program: 50 °C for 2 min, 94 °C for 10 min,
and 30 cycles of 97 °C for 30 s followed by 60 °C for 1 min. Rat Ucp1
mRNA was quantified using specific FAM™ dye-labeled TaqMan®
probes for rat Ucp1 (Rn00562126-m1; Gene expression assays, Applied
Biosystems, Foster City, CA) and rat Pgc1a (Rn00580241_m1; Gene
expression assays, Applied Biosystems, Foster City, CA). Results were
normalized using VIC® dye-labeled TaqMan® probe for rat ubiquitin
(Rn01789812-g1, Applied Biosystems).
2.6. Measurement of glucose uptake
At the end of the culture, differentiated brown adipocytes were
serum-deprived for 2 h. Then, cells were washed with ice-cold Krebs-
Ringer-phosphate buffer (KRP) (135 mM NaCl, 5.4 mM KCl, 1.4 mM
CaCl2, 1.4mMMgSO4, 10mM sodiumpyrophosphate, pH 7.4) and incu-
bated with 1 ml KRP buffer with or without insulin for 10 min at 37 °C.
2-Deoxy-D [1-3H]glucose (500 nCi/ml) was added to this solution, and
the incubation was continued for 5 min at 37 °C. The cells were then
washed with ice-cold KRP buffer and solubilized in 1 ml 1% SDS, as
previously described [34–36]. Glucose uptake was expressed as pmoles
per mg protein.
2.7. Analysis of GLUT4 translocation to the plasma membrane
Cells were washed with ice-cold PBS and scraped into homogeniza-
tion buffer containing 20 mm Tris-HCl, 2 mm EGTA, 2 mm EDTA, 1 mm
phenylmethylsulfonyl fluoride, 10 mm β-mercaptoethanol, 10 μg/ml
aprotinin, and 10 μg/ml leupeptin (pH 7.4). After 10-min incubation,
cells were homogenized with 30 strokes of a Dounce homogenizer
using a tight-fitting pestle. Nuclei were pelleted by centrifugation at
500 ×g for 5 min, and the low-speed supernatant was centrifuged at
100,000 ×g for 30 min. The high-speed supernatant constituted the in-
ternal membrane fraction and the pellet which contained the plasma
membrane fraction was washed three times and extracted in ice-cold
homogenization buffer containing 1% Triton X-100 for 60 min. The
Triton-soluble component (plasma membrane fraction) was separated
from the Triton-insolublematerial (cytoskeletal fraction) by centrifuga-
tion at 100,000 ×g for 15min. The plasmamembrane fraction was kept
at−70 °C before protein quantification andWestern blottingwith anti-
bodies against GLUT4 and caveolin-1, a plasmamembrane protein used
as the loading control.
2.8. Immunofluorescence and confocal imaging
Brown preadipocytes were differentiated on glass coverslips, fixed
in 4% paraformaldehyde and processed for immunofluorescence.
Briefly, anti-GLUT4 (sc-56566, Santa Cruz) primary antibody was
applied for 1 h at 37 °C in PBS-1% BSA at 1/50 dilution. The secondary
antibody used was Alexa 488 goat anti-mouse (Invitrogen) at 1/500
dilution. Cell nuclei were counterstained with DAPI (Sigma). Immuno-
fluorescence was examined in a Nikon Eclipse 90i microscope with
imaging software Nis elements.
2.9. In vivo treatment
Tenweeks oldmaleWistar rats, obtained fromCharles River Lab. Inc.
(Barcelona, Spain), housed (two animals per cage) in individually
ventilated cages racks and subjected to 12/12 h dark/light cycles and
given standard laboratory rat chow (IPM-R20, Letica, Barcelona,
Spain) and free access to tap water, were treated with 1 mg/kg bodyweight (BW)/day of rapamycin (Rapamune®, Laboratorios Pfizer
Lda., Lisbon, Portugal), thusmimicking a clinical relevant dose, as previ-
ously described [10]. Treatmentwas performed by oral gavage, daily, for
3 weeks, and body weight was monitored daily. At the end of the treat-
ment, animalswere intraperitoneally injected 10U/kg of human recom-
binant insulin (Actrapid) and sacrificed 10 min latter by cervical
dislocation. BAT was removed and used to analyze insulin signaling.
Rapamycin blood concentrations were assessed by immunoassay
using automatic methods (Flex reagent) and equipment (Dimension®-
RxL, Siemens, Germany). Animal studies were conducted using proto-
cols approved by to the National and European Community Council
Directives on Animal Care.
2.10. Homogenization and preparation of tissue extracts
Frozen BAT samples were homogenized in 16 volumes (w/v) of ice-
cold lysis buffer containing 50 mM Tris-HCl, 1% Triton X-100, 2 mM
EGTA, 10 mM EDTA acid, 100 mM NaF, 1 mM Na4P2O7, 2 mM
Na3VO4, 100 μg/ml phenylmethylsulfonyl fluoride, 1 μg/ml aprotinin,
1 μg/ml pepstatin A and 1 μg/ml leupeptin. Samples were homogenized
in the same lysis buffer using the Brinkmann PT 10/35 Polytron. Extracts
were kept ice-cold at all times. Tissue extracts were cleared by centrifu-
gation at 40,000 ×g for 20 min at 4 °C. The supernatant was aliquoted
and stored at−70 °C.
2.11. Measurement of glycerol release
After treatment of brown adipocytes with NE or the β3 agonist
CL316243, cell medium was removed and glycerol content was mea-
sured using a commercial kit (Biosystems, Barcelona, Spain) according
to the manufacturer's instructions. Samples were normalized by the
protein concentration of each well.
2.12. Evaluation of mitochondrial respiration in brown adipocytes
The Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience,
www.seahorsebio.com)was used tomeasure oxygen consumption rate
(OCR) in brown adipocytes. Cells were differentiated in customized
Seahorse 24-well plates and treated with 100 nM rapamycin for 16 h.
Before themeasurement, cellswere incubated for 1 hwith XFAssayMe-
dium (Seahorse Bioscience) plus 5 mM glucose. OCR was calculated by
plotting the O2 tension of media as a function of time (pmol/min), and
data were normalized by the protein concentration measured in each
individual well. The results were quantified as the mean of 8–10
wells ± standard error of the mean (SEM) per time point in at least
three independent experiments.
2.13. Statistical analysis
Results are given as mean ± SEM using GraphPad Prism, version 5
(GraphPad Software, San Diego, CA, USA). Statistical analyses using
the Student's t-test were performedwhen two groupswere considered.
For multiple group comparisons, the One-Way ANOVA test, followed by
the post hoc Bonferroni's Multiple Comparison was used. Differences
were considered significant when *p b 0.05.
3. Results
3.1. Effect of rapamycin on insulin signaling cascade in brown adipocytes
To study the impact of rapamycin on insulin-mediated signaling
in brown adipocytes, we generated an immortalized preadipocyte
cell line from the interscapular BAT of 20-day old suckling rats.
Brown preadipocytes were seeded and differentiated as described in
Materials andmethods. At day 6, cells reached a fully differentiated phe-
notype as shown by the accumulation of multilocular lipid droplets
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markers such as fatty acid synthase (FAS), GLUT4 and the thermogenic
marker UCP-1 (Supplementary Fig. 1B). As reported in mouse brown
preadipocytes [37], before differentiation, rat brown preadipocytes pre-
sented low IR expression, gradually increasing during differentiation in
a time-dependentmanner. Conversely, the expression of the IGF-IR was
higher in brown preadipocytes, decreased at day 3 of differentiation and
remained low at day 6.
IRS1 is a critical node in the insulin signaling cascade in brown adi-
pocytes [38–40]. Thus, we analyzed IRS1 protein levels in differentiated
brown adipocytes treated with rapamycin (10–100 nM) for 16 h. As
shown in Fig. 1A, IRS1 protein expression decreased in brownFig. 1. Long-term treatment with rapamycin induced IRS1 degradation and impaired Akt-med
6) were cultured in the presence of several doses of rapamycin (Rapa) for 16 h. At the end of t
Total protein was analyzed by Western blot using antibodies against IRS1, IRS2, Akt, phospho
were quantified by scanning densitometry. Results are means ± SEM. *p b 0.05, versus basal.
untreated. Then, cells were serum-deprived for 2 h and further stimulated with 10 nM insu
1162/1163), anti-IR, anti-phospho-Akt (Ser 473), anti-phospho-Akt (Thr 308) and anti-Akt
densitometry. Results are means ± SEM. *p b 0.05 versus insulin-stimulated cells without rapaadipocytes incubatedwith rapamycin in a dose-dependentmanner. No-
tably, after 100 nM rapamycin treatment, IRS1 was barely detected
whereas the expression levels of IRS2 and Akt were not altered. The ef-
fect of rapamycin at the doses used in brown adipocytes was assessed
by the inhibition of S6K1 phosphorylation, a direct mTORC1 substrate,
compared to untreated cells.
Next, we investigated the effect of rapamycin on the modulation of
insulin signaling in brown adipocytes, including the activation of Akt
that regulates adipogenic- and thermogenic-related gene expression
downstream of IRS1 [38,40–41]. Pretreatment of brown adipocytes
with rapamycin for 16 h increased tyrosine phosphorylation of the IR
upon insulin stimulation, although not reaching statistical significanceiated insulin signaling in brown adipocytes. A. Differentiated rat brown adipocytes (day
he culture time, brown adipocytes were harvested and whole cell lysates were prepared.
-S6K1 (Thr 389) and α-Tubulin as loading control. Results of 3 independent experiments
B. Differentiated brown adipocytes were treated with different doses of rapamycin or left
lin for 10 min. Total protein was analyzed by Western blot using anti-phospho IR (Tyr
specific antibodies. Results of 4 independent experiments were quantified by scanning
mycin treatment.
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Akt phosphorylation at both Ser 473 (regulatory domain) and Thr 308
(catalytic domain) residues in a dose-dependent manner.
Furthermore, we addressed the question of whether or not the
decrease in IRS1 protein levels by the long-term rapamycin (16 h) treat-
ment of brown adipocytes was responsible for the decreased insulin-
induced Akt phosphorylation. To this aim, brown adipocytes were
treated with rapamycin or vehicle for 45 min and IRS1 protein levels
were analyzed. No differences in IRS1 protein levels were observed be-
tween the 2 groups of cells (Fig. 2A). In another experiment, cells were
treated with rapamycin for 45 min followed by 10 min insulin stimula-
tion and Akt phosphorylation was evaluated. Rapamycin pretreatment
for 45 min inhibited S6K1 phosphorylation, but failed to decrease
insulin-mediated Akt phosphorylation (Fig. 2B).Fig. 2. Short-term treatment with rapamycin did not impair insulin signaling in brown
adipocytes. A. Differentiated rat brown adipocytes were cultured in the presence of
100 nM rapamycin for 45 min. Total protein was analyzed by Western blot using
antibodies against IRS1 and α-Tubulin as loading control. B. Differentiated rat brown
adipocytes (day 6) were cultured in the presence of 100 nM rapamycin (Rapa) for
45 min or left untreated. Then, cells were stimulated with 10 nM insulin for 10 min.
Total protein was analyzed by Western blot using antibodies against phospho IR (Tyr
1162/1163), IR, phospho-S6K1 (Thr 389), phospho-Akt (Ser 473), phospho-Akt (Thr
308) and Akt. Results from 3 independent experiments were quantified by scanning
densitometry. Results are means ± SEM. *p b 0.05 versus insulin-stimulated cells.3.2. Effect of rapamycin on insulin-induced glucose uptake and GLUT4
translocation in brown adipocytes
Since insulin induces glucose uptake in a PI 3-kinase/Akt-dependent
manner in primary fetal brown adipocytes [42–43], we assessed the
effect of rapamycin on insulin-induced glucose uptake in brown adipo-
cytes. Differentiated brown adipocytes were pretreated with 100 nM
rapamycin for 16 h and glucose uptakewasmeasured after insulin stim-
ulation for 10 min, resulting in a 2.5-fold increase in glucose uptake
compared to control cells (Fig. 3A). Interestingly, this response wasFig. 3. Rapamycin decreased insulin-induced glucose uptake and GLUT4 translocation. A.
2-Deoxy-D[1-3H]glucose uptake was measured following stimulation of differentiated
brown adipocytes with or without rapamycin (Rapa) for 16 h and insulin for 10 min.
Results are expressed as pmoles per mg protein and are means ± SEM of 4 independent
experiments performed in duplicate. *p b 0.05 versus insulin-stimulated cells.
B. Representative Western blot detecting GLUT4 in plasma membrane extracts using
caveolin-1 as a plasma membrane loading control. The graph represents the
quantification of GLUT4 translocation to the plasma membrane. Results are means ±
SEM of 3 independent experiments. *p b 0.05 versus insulin-stimulated cells.
C. Immunofluorescence of GLUT4 in the conditions indicated. GLUT4 located at the
plasma membrane is indicated by arrows (scale bar 10 μm). Representative images of 5
independent experiments are shown.
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addition, GLUT4 translocation to the plasma membrane was evaluated
by subcellular fractionation and Western blot using caveolin-1 as the
loading control [44]. Insulin stimulation increased GLUT4 protein con-
tent at the plasmamembrane, an effect that was significantly decreased
by rapamycin (Fig. 3B). Immunofluorescence analysis depicts a rapid
insulin-induced GLUT4 translocation to the plasma membrane in
brown adipocytes, whereas it was accumulated in the internal compart-
ments in non-treated cells (Fig. 3C). In contrast, GLUT4 was barely ob-
served at the plasma membrane in brown adipocytes treated with
rapamycin prior to insulin stimulation.
3.3. Rapamycin rapidly induced the phosphorylation of c-Jun
NH(2)-terminal kinase (JNK) and IRS1 at Ser 307 in brown adipocytes
Activation of stress kinases, particularly JNK, has been shown to in-
hibit insulin-mediated signaling in peripheral tissues by its ability to in-
duce IRS1 phosphorylation at Ser 307, thereby uncoupling IRS1 from the
IR and promoting IRS1 protein degradation [45]. Since rapamycin treat-
ment for 16 h led to reduction in IRS1 protein levels (Fig. 1A), we ana-
lyzed JNK phosphorylation in differentiated brown adipocytes treated
with 100 nM rapamycin for various time-periods. Rapamycin induced
a rapid response in JNK phosphorylation as compared to untreated
cells with a maximal effect observed at 30 min, whereas total levels of
JNK were unchanged (Fig. 4). By contrast, p38 MAPK phosphorylation
was not modulated by rapamycin treatment (data not shown).
To evaluatewhether rapamycin-mediated JNK activationwas able to
phosphorylate IRS1 at Ser residues, we performedWestern blot analysis
with a phospho-specific anti-IRS1 Ser 307 antibody. In agreement with
JNK phosphorylation, treatment of differentiated brown adipocytesFig. 4. Rapamycin induced the activation of JNK and phosphorylation of IRS1 at Ser 307 in brow
(Rapa) at the indicated time-periods. Protein extracts were separated by SDS-PAGE and the
blot with the corresponding antibodies. Total levels of IRS1 and JNK were also analyzed.
experiment is shown. Results from 3 independent experiments were quantified by scanning d
*p b 0.05.with rapamycin for short time periods induced IRS1 phosphorylation
at Ser 307 (Fig. 4), while total IRS1 levels remained unchanged. Notably,
rapamycin inhibited S6K1 phosphorylation as early as after 15 min of
treatment.
3.4. Rapamycin impaired insulin signaling in primary brown adipocytes
and BAT from rats
To confirm that the effect of rapamycin on insulin signaling in differ-
entiated brown adipocyteswas not due to the immortalization protocol,
we tested primary brown adipocytes isolated from 20 day-old suckling
rats and allowed them to differentiate spontaneously for 8 days. As
shown in Fig. 5A, insulin-mediated Akt phosphorylation was impaired
in primary brown adipocytes pretreated with 100 nM rapamycin for
16 h. In addition, rapid JNK and IRS1 (Ser 307) phosphorylation was de-
tected upon rapamycin stimulation, thus excluding effects related to the
immortalization of brown preadipocytes (Fig. 5B).
We have recently reported that chronic treatment of Wistar rats
with rapamycin resulted in alterations in whole body glucose tolerance,
insulin sensitivity and insulin signaling in liver, skeletal muscle and
white fat [12]. To get further insights on the effects of rapamycin in
BAT in vivo, we analyzed insulin signaling. Akt phosphorylation in re-
sponse to insulin at both Ser 473 and Thr 309 residues was totally
blunted in BAT of rats treated with rapamycin for 3 weeks (Fig. 5C).
3.5. Inhibition of JNK ameliorated the effects of rapamycin in insulin
signaling in brown adipocytes
We testedwhether rapamycin-mediated inhibition of insulin signal-
ing in brown adipocytes was dependent on the early activation of JNK-n adipocytes. Differentiated brown adipocytes were stimulated with 100 nM rapamycin
phosphorylation of IRS1 (Ser 307) and JNK (Thr 183/Tyr 185) was analyzed by Western
Phosphorylation of S6K1 at Thr 389 was analyzed by Western blot. A representative
ensitometry. Phosphorylated levels are referred to the basal (non-stimulated) condition.
Fig. 5. Rapamycin induced the phosphorylation of JNK and IRS1 (Ser 307) and impaired insulin-mediated Akt phosphorylation in primary brown adipocytes and in BAT from rats. Primary
brown preadipocyteswere differentiated as described inMaterials andmethods. A. Cells were treatedwith rapamycin (Rapa) (100 nM) for 16 h and subsequently stimulatedwith insulin
(10 nM) for 10 min. Total protein was analyzed byWestern blot using antibodies against phospho-Akt (Ser 473), phospho-Akt (Thr 308) and Akt. Results of 3 independent experiments
performed in duplicate were quantified by scanning densitometry. Results are means ± SEM. *p b 0.05 versus insulin-stimulated cells. B. Differentiated primary brown adipocytes were
stimulatedwith 100 nM rapamycin at the indicated time-periods. The phosphorylation of IRS1 (Ser 307), JNK (Thr 183/Tyr 185) and S6K1 (Thr 389)was analyzed byWestern blot. Results
from 3 independent experiments were quantified by scanning densitometry. Phosphorylated levels are referred to the basal condition. *p b 0.05. C. Wistar rats were treated with
rapamycin and stimulated with insulin as described in Materials and methods. Phosphorylation of Akt at Ser 473 and Thr 308 residues was analyzed in BAT lysates by Western blot.
Phosphorylated levels are referred to the animals injected with vehicle. *p b 0.05 versus controls (n = 6 animals/group).
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previously described [46]. Therefore, cells were treated with rapamycin
in the absence or presence of the JNK inhibitor SP600125 [47] for90 min, time at which IRS1 phosphorylation at Ser 307 was detected
(Fig. 4). In brown adipocytes, SP600125 efficiently inhibited JNK phos-
phorylation at 20 μM concentration (Supplementary Fig. 2). As shown
Fig. 6. Inhibition of JNK improved insulin sensitivity in rapamycin-treated brown adipocytes. A. Differentiated brown adipocyteswere treated for 90minwith rapamycin (Rapa) (100 nM)
in the absence or presence of the JNK inhibitor SP600125 (20 μM). Phosphorylation of IRS1 (Ser 307) was analyzed by Western blot. Results from 3 independent experiments were
quantified by scanning densitometry. Phosphorylated levels are referred to the basal condition. *p b 0.05. B. Differentiated brown adipocytes were treated for 16 h with rapamycin
(100 nM) in the absence or presence of the JNK inhibitor SP600125 (10 μM). IRS1 expression was analyzed by Western blot. Results from 3 independent experiments were quantified
by scanning densitometry. IRS1 levels are referred to the rapamycin condition. *p b 0.05. C. After 16 h of treatment as described in B, cells were stimulated with 10 nM insulin for
10 min. Total protein was analyzed by Western blot using antibodies against phospho-Akt (Ser 473), phospho-Akt (Thr 308), Akt and phospho-S6K1 (Thr 389). Results of 3
independent experiments were quantified by scanning densitometry. Results are means ± SEM. *p b 0.05 versus insulin-stimulated cells pretreated with rapamycin.
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1937E. García-Casarrubios et al. / Biochimica et Biophysica Acta 1861 (2016) 1929–1941in Fig. 6A, IRS1 Ser 307 phosphorylation induced by rapamycin was no-
tably reduced in the presence of SP600125. Also, the co-treatment with
rapamycin and SP600125 for 16 hpreserved IRS1 protein levels (Fig. 6B)
and enhanced insulin-stimulated Akt phosphorylation at both Ser 473
and Thr 308 residues compared to the response of brown adipocytes
treated with rapamycin alone (Fig. 6C).
3.6. Rapamycin decreased NE- or β3 agonist CL316243-induced increase in
lipolysis and UCP-1 expression in brown adipocytes
The effect of rapamycin on NE and β3 agonist CL316243-stimulated
lipolysis was evaluated as an early trigger of thermogenesis activation.Fig. 7. RapamycindecreasedNE orCL316243-mediated lipolysis in brown adipocytes. Brownad
subsequently stimulatedwith NE (5 μM) of the β3 agonist CL316243 (2 μM) for a further 4 h. A.
experiments were quantified by scanning densitometry. Results are means ± SEM. *p b 0.05
measured as described in Materials and methods. Results are expressed as fold change and re
performed in triplicate).Differentiated brown adipocytes were stimulated with either NE or
CL316243 at 5 and 2 μM concentrations, respectively, for 4 h. Brown
adipocytes were sensitive to both NE and CL316243 in inducing early
β-adrenergic signaling, as shown by the increase in hormone-sensitive
lipase (HSL) phosphorylation and, consequently, by the release of
glycerol to the culture medium (Fig. 7A and B). Pretreatment of brown
adipocytes with rapamycin for 16 h significantly decreased the effects
of NE and CL316243 on both responses.
The combination of NE plus triiodothyronine (T3) stimulates Ucp1
mRNA levels in primary rat brown adipocytes [48], thus, the effect
of rapamycin on thermogenic gene expressionwas tested bymeasuring
Ucp1 and Pgc1amRNA levels. Cellswere treatedwith rapamycin for 16hipocyteswere treatedwith rapamycin (Rapa) (100nM) for 16h or remained untreated and
Phosphorylation of HSL (Ser 660) was analyzed byWestern blot. Results of 3 independent
versus NE or CL316243-stimulated cells. B. Glycerol released to the culture medium was
ferred to NE or CL316243-stimulated cells (*†p b 0.05) (n = 3 independent experiments
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NE induced about a 30-fold increase in Ucp1 and a 3.5-fold increase in
Pgc1a mRNA levels over basal levels and this effect was blunted by
rapamycin.Fig. 8. Rapamycin decreased the NE-induced UCP-1 expression, basal respiration, proton leak
treated with rapamycin (Rapa) (100 nM) for 16 h or remained untreated and subsequently
levels were analyzed by RT-qPCR. Results are expressed as fold change referred to NE + T3 t
protein levels were analyzed in differentiated mouse brown adipocytes treated with rapamyci
for a further 8 h. α-Tubulin was used as loading control. Results of 3 independent experimen
NE-stimulated cells. C. Quantification of Seahorse analysis: basal respiration, H+ leak, and
stimulated cells (n = 9 values from 3 independent experiments performed in triplicate).Due to difficulties in detecting UCP-1 protein in NE-stimulated rat
brown adipocytes [48], we performed this analysis in mouse immortal-
ized brown adipocytes previously generated in our laboratory [33], that
show higher sensitivity than those isolated from rats [48]. Fig. 8B showsand maximal respiration in brown adipocytes. Differentiated rat brown adipocytes were
stimulated with NE (5 μM) plus T3 (1 nM) for a further 8 h. A. Ucp1 and Pgc1a mRNA
reatment. *p b 0.05 (n = 3 independent experiments performed in triplicate). B. UCP-1
n (100 nM) for 16 h or remained untreated and subsequently stimulated with NE (5 μM)
ts were quantified by scanning densitometry. Results are means ± SEM. *p b 0.05 versus
maximal respiratory capacity. Results are means ± SEM. *p b 0.05 versus rapamycin-
1939E. García-Casarrubios et al. / Biochimica et Biophysica Acta 1861 (2016) 1929–1941that NE at the doses used in rat brown adipocytes was also able
to induce UCP-1 protein expression in mouse cells, an effect that was
blunted by rapamycin.
3.7. Rapamycin decreased mitochondrial respiration in brown adipocytes
To better understand how rapamycin can affectmitochondrial activ-
ity in brown adipocytes, we assessed their respiratory profile using a
XF24 Extracellular Flux Analyzer (Seahorse Biosciences). Brown adipo-
cytes were treated with 100 nM rapamycin for 16 h and as shown in
Fig. 8C, rapamycin significantly reduced not only basal respiration, but
also proton leak, as well as maximal respiratory capacity in these cells.
4. Discussion
Our results demonstrate for the first time that brown adipocytes are
sensitive to rapamycin action, as viewed by the impaired insulin signal-
ing and thermogenic gene expression, strongly suggesting that in addi-
tion to white adipocytes, insulin resistance in brown adipocytes might
play a major role in NODAT development. In fact, previous studies in
mice deficient in the IR exclusively in brown adipocytes (BATIRKO
mice) have revealed the importance of maintaining functional insulin
signaling in BAT for the control of whole body glucose and energy
homeostasis, since these animals developed glucose intolerance [30]
and increased visceral adiposity [29].
The first evidence for a negative cross-talk between rapamycin and
insulin signaling in brown adipocytes with a decrease in total IRS1 pro-
tein expression upon rapamycin treatment for 16 h was observed. IRS
proteins have emerged as critical regulators of signaling pathways
leading to brown adipocyte differentiation. Genetic deletion of IRS1
in mice suppressed insulin-induced Akt phosphorylation in brown
preadipocytes, resulting in impaired adipogenic differentiation and
thermogenic response [38–40,49]. In agreement with this, our results
show a decrease in Akt phosphorylation at both Ser 473 and Thr 308
residues when brown adipocytes were pretreated with rapamycin be-
fore insulin stimulation. As a consequence, treatment of brown adipo-
cytes with rapamycin significantly reduced insulin-induced GLUT4
translocation to the plasma membrane and glucose uptake that have
been demonstrated to be dependent on Akt signaling [50]. These results
agree with previous findings in vivo in rodents or ex vivo in freshly iso-
lated human white adipocytes that have shown impaired insulin-
induced glucose uptake and GLUT4 translocation upon pretreatment
with rapamycin [11,13]. This is in contrast to the effects of CsA or
FK506 that did not impair Akt phosphorylation, but increased the rate
of GLUT4 endocytosis instead [10]. However, differential modulation
of IRS proteins has been observed upon rapamycin treatment. Whereas
rapamycin decreased IRS2 levels in subcutaneous human adipocytes
[13], it decreased IRS1 in rat brown adipocytes. Thus, our data suggest
a cellular specificity of rapamycin in triggering IRS1 or IRS2 degradation
via the proteasome in brown or white adipocytes, respectively.
These interesting results also reinforce the concept of the specificity of
IRS1/2 proteins to transduce IR-mediated signaling in insulin-sensitive
cell types and might be therapeutically useful to target insulin resis-
tance during NODAT.
We further analyzed the molecular mechanism by which long-term
rapamycin treatment decreased IRS1 protein levels in brown adipo-
cytes. Importantly, this effect was preceded by its Ser 307 phosphoryla-
tion at early time-periods (30 min–2 h). Phosphorylation of IRS1 at Ser
307 has been extensively shown to negatively regulate insulin signal
transduction since it inhibits insulin-stimulated tyrosine phosphoryla-
tion and IRS1-associated PI-3 kinase activity, potentially through the
disruption of protein-protein interaction between IRS1 and the IR [51],
and also by triggering proteasomal degradation of IRS1 [45]. Phosphor-
ylation of IRS1 at Ser 307 can be induced by cellular stress, insulin, TNFα,
lipids and also by the activation ofmTORC1 complex, causing insulin re-
sistance [46,52]. Our results in brown fat cells suggest that in conditionsof mTORC1 inhibition by rapamycin, other/s Ser/Thr kinases might be
involved in this negative feed-backmechanism. Among alternative can-
didates for the phosphorylation of IRS1 at Ser 307 by rapamycin, JNK1
has been extensively studied since it directly binds to IRS1 [53–54].
Moreover, JNK is activated by triggers that induce insulin resistance in-
cluding hyperinsulinemia, nutrient overloading and oxidative stress
[51]. We found that in differentiated brown adipocytes, either primary
or immortalized, rapamycin rapidly induced JNK phosphorylation. This
response, whichwas significantly abolished by a JNK inhibitor, correlat-
ed with IRS1 phosphorylation at Ser 307. Therefore, in addition to the
direct mTORC1 complex inactivation, rapamycin might increase oxida-
tive stress leading to an elevation of reactive oxygen species (ROS)
that activate JNK which, in turn, phosphorylates IRS1 at Ser 307 in an
mTORC1-independent manner. In this regard, recent findings have
shown a mechanism of mTORC1 inactivation in the heart that led to
an up-regulation of JNK activation and increased apoptosis [55]. Of
note, neither p38 MAPK nor ERK was activated by rapamycin at early
time-periods (data not shown), thus potentially excluding the involve-
ment of these kinases in the modulation of insulin signaling our exper-
imental conditions. Interestingly, in human subcutaneous and omental
white adipocytes, phosphorylation of IRS1 at Ser 307 was significantly
reduced after either 13 min or 20 h of rapamycin treatment, indicating
again possible cellular specificity of rapamycin effects in brown and
white adipocytes [13].
In addition to the effects in WAT, rapamycin was able to induce
whole body insulin resistance and glucose intolerance with a marked
impairment of the insulin signaling in other insulin sensitive tissues
such as liver and skeletal muscle in Wistar rats treated for 3 weeks
[12]. Furthermore, and in agreement with these previous studies, our
in vivo results have demonstrated that treatment with rapamycin also
impaired insulin signaling in BAT, highlighting the relevance of our
study.
In mammals, BAT acts as a crucial regulator of energy metabolism
through β-adrenergic-induced liberation of free fatty acids (FFAs)
from triacylglycerol (TAG) by lipolysis [56–57]. Brown adipocytes use
FFAs not only as substrates for oxidative respiration, but also as alloste-
ric activators of UCP-1. In addition,Mottillo et al. [58] have reported that
NE-induced lipolysis promotes the activation of peroxisome-activated
receptors α and δ (PPARα and PPARδ, respectively), which resulted in
Ucp1 gene expression in BAT. Interestingly, our results show that in
brown adipocytes rapamycin decreased NE or CL316243-mediated li-
polysis through the inhibition of HSL phosphorylation at Ser 660. This
effect is opposite to that observed in 3T3-L1 adipocytes, a cellular
model of white adipose cells, where an increase in phosphorylation of
HSL and lipolysis by rapamycin was observed [59], as well as in the
lean phenotype of the S6K1-deficient mice [60]. A possible explanation
for these differences in WAT versus BAT might be the involvement of
additional modulators of HSL phosphorylation in a cellular-specific
and dependent manner. In this regard, activation of the phosphatase
PP2A has been reported to be responsible for dephosphorylation of
HSL in isolated rat white adipocytes [61] whereas Oue et al. [62] have
identified PRIP (phospholipase C-related catalytically inactive protein)
as a new negative modulator of thermogenesis in brown adipocytes
that down-regulates HSL phosphorylation and lipolysis. Interestingly,
Liu et al. [63] found that Grb10 is a negative modulator of mTORC1 in
bothWAT and BAT and its deficiency in both adipose tissues suppressed
lipolysis and reduced the thermogenic function. The elucidation of these
and possible other mechanisms bywhich lipolysis could be differential-
lymodulated by rapamycin in brown andwhite adipose cells in the con-
text of NODAT deserves further investigations.
In addition to lipolysis, β-adrenergic stimulation regulates thermo-
genesis through transcriptional control in BAT. Accordingly, our present
results clearly show for the first time the inhibition of both NE-induced
Pgc1a and Ucp1mRNA levels by rapamycin in brown adipocytes. Inhibi-
tion of mTORC1 by rapamycin reduces Pgc1a gene expression in mouse
skeletal muscle, as well as mitochondrial activity and capacity by a
1940 E. García-Casarrubios et al. / Biochimica et Biophysica Acta 1861 (2016) 1929–1941mechanism mediated through the transcription factor yin and yang
(YY1) [64]. Thus, inhibition of mTORC1 by rapamycin resulted in a fail-
ure of YY1 to interact with and be coactivated by PGC-1α in skeletal
muscle cells [65] and, importantly, under these conditions YY1 func-
tioned as a transcriptional repressor of insulin signaling genes [66]. In
BAT, under energy-demanding conditions mediated by adrenergic sig-
naling, YY1 increases expression of the canonical thermogenic program
bybinding to thepromoter of theUcp1 gene and recruiting PGC-1α [66].
Our results suggest that the reduced levels of Pgc1a and Ucp1amRNAs
after rapamycin treatment in brown adipocytes could be mediated by
the repression of the YY1-PGC-1α axis via mTORC1, which is reflected
by the inhibition of UCP-1 protein levels. Moreover, it is also known
that mitochondrial targets of PGC-1α involved in oxidative phosphory-
lation, tricarboxylic acid cycle and uncoupling respiration are downreg-
ulated by rapamycin [64]. In agreement with these results, our data
clearly show reduced basal respiration, proton leak and maximal respi-
ration in rapamycin-treated brown adipocytes.
Recruitment of BAT is actually being considered as a potential tool to
combat obesity and associated metabolic complications in humans
[22–23,25]. Thus, it might be reasonable to propose the use of BAT acti-
vators such as fibroblast growth factor 21 [67–68] to combat NODAT, an
exciting issue for further research.
5. Conclusion
This work demonstrates that besides white adipocytes, brown adi-
pocytes are also targeted by rapamycin action as viewed by the major
impact on insulin signaling, NE effects, as well as on mitochondrial bio-
energetics. Although distinctmechanisms seem to be involved in the ef-
fects of rapamycin on WAT and BAT, our results strongly suggest that
dysfunction in brown adipocytes could also be a major contributor for
the development of NODAT.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbalip.2016.09.016.
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Abstract
The discovery of active brown adipose tissue (BAT) in adult humans and the fact that it is
reduced in obese and diabetic patients have put a spotlight on this tissue as a key player in
obesity-induced metabolic disorders. BAT regulates energy expenditure through thermo-
genesis; therefore, harnessing its thermogenic fat-burning power is an attractive therapeutic
approach. We aimed to enhance BAT thermogenesis by increasing its fatty acid oxidation
(FAO) rate. Thus, we expressed carnitine palmitoyltransferase 1AM (CPT1AM), a perma-
nently active mutant form of CPT1A (the rate-limiting enzyme in FAO), in a rat brown adipo-
cyte (rBA) cell line through adenoviral infection. We found that CPT1AM-expressing rBA
have increased FAO, lipolysis, UCP1 protein levels and mitochondrial activity. Additionally,
enhanced FAO reduced the palmitate-induced increase in triglyceride content and the
expression of obese and inflammatory markers. Thus, CPT1AM-expressing rBA had
enhanced fat-burning capacity and improved lipid-induced derangements. This indicates
that CPT1AM-mediated increase in brown adipocytes FAO may be a new approach to the
treatment of obesity-induced disorders.
Introduction
Obesity is a major public health problem and a worldwide epidemic contributing to the devel-
opment of associated pathological conditions, such as insulin resistance, type 2 diabetes, car-
diovascular disease, nonalcoholic fatty liver disease, and some forms of cancer among others
[1,2]. Adipose tissue has gained a crucial role in the study of the mechanisms involved in
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obesity-related disorders. Adipose tissue is classified into energy-storing white adipose tissue
(WAT) and brown adipose tissue (BAT), which controls thermogenesis by burning fatty acids
(FA) to produce heat and defend the body against cold. Traditionally, WAT has been impli-
cated in the pathogenesis of obesity-induced insulin resistance [2–5]. BAT has received less
attention, because it is less abundant, and it was considered exclusive to rodents and human
neonates. However, in the last decade, active BAT was discovered in adult humans by a combi-
nation of positron-emission tomography (PET) and computed tomography (CT) (PET-CT)
[6–12]. Furthermore, it was shown that BAT is reduced in obese and diabetic patients [8].
Thus, BAT has become a leading research topic, since any strategy that can enhance BAT mass
or activity may be a potential therapeutic approach to obesity-induced diabetes.
The cellular heterogeneity of fat is still under debate [13]. To date, at least two types of ther-
mogenic adipocytes have been described in humans and rodents: the classical brown adipo-
cytes, and beige (also called brite) adipocytes. They differ in both their developmental origin
and their anatomical localization [14]. Beige adipocytes are located within the WAT and
appear in response to certain stimuli such as cold exposure or β3-adrenergic signals. A recent
study has identified Zic1 and Tcf21 as specific markers for brown and white adipocytes, respec-
tively, while Cd137, Epsti1, Tbx1, and Tmem26 would be specific for beige adipocytes [15].
Any strategy that can reduce lipid accumulation would be beneficial for the treatment of
obesity and related disorders. Studies in rodents have demonstrated that BAT modulates trigly-
ceridemia and controls lipid clearance [16–18]. The aim of our study was to enhance the ther-
mogenic capacity of BAT by increasing its fatty acid oxidation (FAO). Our group and others
have shown that increased FAO in white adipocytes and macrophages [19], liver [20–22], pan-
creas [23,24], neurons [25] and muscle [26–28] results in an improvement in lipid-induced
derangements. Cold stimulates FAO in mice, which indicates that FAO is required for thermo-
genesis [29].
Here we focused on the FAO key enzyme, carnitine palmitoyltransferase 1 (CPT1). CPT1
facilitates the transfer of FAs into the mitochondria for oxidation. There are three CPT1 iso-
forms, with differences in kinetics, sensitivity to their physiological inhibitor malonyl-CoA,
and tissue expression: CPT1A (liver, intestine, kidney, ovary, pancreas, brain and mouse and
humanWAT), CPT1B (BAT, heart, skeletal muscle and rat and humanWAT) and CPT1C
(brain and testis) [30,31]. Interestingly, BAT CPT1 activity is decreased in diabetic rats [32].
Thus, we attempted to overexpress a permanently active mutant form of CPT1A, CPT1AM,
which is insensitive to malonyl-CoA [33], in a brown adipocyte rat cell line (rBA) through ade-
noviral infection. The choice of CPT1AM was based on the following points: 1) the CPT1A iso-
form has lower sensitivity to malonyl-CoA inhibition and higher affinity for the substrate than
CPT1B [34]; 2) CPT1A could be differentiated from the BAT endogenous main isoform,
CPT1B, and 3) CPT1AM is a permanently active mutant that would ensure constant high lev-
els of FAO, independently of the levels of malonyl-CoA, which is usually derived from glucose
metabolism and is the first intermediate in lipogenesis. This last point is particularly relevant
in obesity, where in addition to high lipid levels high glucose (and therefore high malonyl-
CoA) levels are present.
Here we demonstrate that CPT1AM-expressing rBA display higher FAO, lipolysis, uncou-
pling protein 1 (UCP1) expression, and mitochondrial respiration. Enhanced FAO in palmi-
tate-incubated rBA reduced triglyceride content and the expression of fatty acid binding
protein 4 (FABP4) and tumor necrosis factor α (TNFa), obese and inflammatory markers,
respectively. We conclude that CPT1AM-expressing rBA had enhanced lipolysis and UCP1
protein expression, considered as indicators of increased thermogenesis, and showed an
improvement in lipid-induced derangements. This highlights CPT1AM-mediated BAT FAO
as a new approach to treat obesity and related disorders.
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Norepinephrine, sodium palmitate, sodium oleate and FA-free BSA were purchased from
Sigma Aldrich (St. Louis, MO). DMEM, FBS and penicillin/streptomycin mixture were pur-
chased from Life Technologies (Carlsbad, CA). Etomoxir was kindly provided by Dr. H. P. O.
Wolf (GMBH, Allensbach, Germany).
Cell culture and differentiation of brown adipocytes
Immortalized rBA from neonatal rats were generated as previously described [35]. rBA preadi-
pocytes were grown in DMEM supplemented with 10% fetal serum, 1% penicillin/streptomy-
cin and 2 mMHEPES. rBA were differentiated in DMEM supplemented with 10% fetal serum,
1 nM T3 and 20 nM insulin (differentiation media) until confluence (day 0). Then, cells were
incubated with induction medium containing 1 μM rosiglitazone, 0.5 μM dexamethasone,
0.125 μM indomethacin and 0.5 mM isobutylmethylxanthine (IBMX) for two days. Finally,
cells were incubated for a further three days in differentiation media, after which they exhib-
ited a fully differentiated phenotype with numerous multilocular lipid droplets in their
cytoplasm.
Oil Red O staining
rBA were grown and differentiated on coverslips. They were rinsed twice in PBS, fixed in 10%
paraformaldehyde for 30 minutes at room temperature, and washed again in PBS. Then, cells
were rinsed in 60% isopropanol for 5 min to facilitate the staining of neutral lipids, and stained
with filtered Oil Red O working solution (0.3% Oil Red O in isopropanol) for 15 minutes. After
several washes in distilled water, the coverslips were removed and fixed with mount medium.
The intracellular lipid vesicles stained with Oil Red O were identified by their bright red color
under the microscope.
Adenovirus (Ad) infection
At day 6 of differentiation, rBA were infected with AdGFP (100 moi) and AdCPT1AM (100
moi) for 48 hours in serum-free DMEM, 1% penicillin/streptomycin and 2 mMHEPES. Ade-
novirus infection efficiency was assessed in AdGFP-infected cells.
Western blot analysis
rBA were cultured in 12-well plates, differentiated and infected as described above. Cells were
harvested in lysis buffer (RIPA), and protein concentration was determined using a BCA pro-
tein assay kit (Thermoscientific). Samples were separated on 8% and 12% SDS-PAGE gels, for
CPT1A and UCP1 respectively, and then transferred onto PVDF membranes (Millipore). The
following primary antibodies were used: CPT1A (1/6,000) [24], Tim 44 (1/5,000; BD Biosci-
ence), UCP1 (1/1,000; Abcam) and b-actin (I-19; 1/4,000; Santa Cruz). Blots were incubated
with the appropriate IgG-HRP-conjugated secondary antibody. Protein bands were visualized
using the ECL immunoblotting detection system (GE Healthcare) and developed on an Image-
Quant LAS4000 mini Fuji luminescence imagining system. For the analysis of protein expres-
sion, bands from at least three independent experiments were quantified by densitometry
using Image J analysis software.
CPT1 in Brown Adipocytes
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Analysis of mRNA expression by quantitative real-time PCR
Total RNA was isolated from rBA using an Illustra MiniRNA Spin kit (GE Healthcare), and
cDNA was obtained using a Transcriptor First Strand cDNA Synthesis kit (Roche), following
the manufacturer’s instructions. Relative quantification of mRNA was performed using a
LightCycler1 480 instrument (Roche) in 10 μL of reaction medium by using 6.5 ng of cDNA,
forward and reverse primers at 100 nM each, and a SYBR Green PCR Master Mix Reagent kit
(Life Technologies). Primer pairs are shown in Table 1. The mRNA levels were normalized to
those of b-actin and expressed as fold change.
Fatty acid oxidation assay
The FAO rate was measured in rBA grown in 25-cm2 flasks, differentiated and infected as
described above. On the day of the assay, cells were washed in KRBH 0.1% BSA (FA free), pre-
incubated at 37°C for 30 min in KRBH 1% BSA, and washed again in KRBH 0.1% BSA. Cells
were then incubated for 3 hours at 37°C with fresh KRBH containing 11 mM glucose, 0.8 mM
carnitine plus 0.2 mM [1-14C] oleate (Perkin Elmer). Oxidation was measured as previously
described [21].
Glycerol release
rBA were seeded, differentiated in 12-wells plates and infected as described above or incubated
in the presence or absence of 5 μM norepinephrine and 180 μM etomoxir for 6 hours. Then,
the cell medium was removed and glycerol levels were measured using the TG Triglyceride kit
(Sigma-Aldrich), according to the manufacturer's instructions. Samples were normalized by
the protein concentration present in each well.
Table 1. Quantitative real-time PCR oligonucleotides.
Gene Name Forward Reverse













Cpt1a* 5'- ACAATGGGACATTCCAGGAG-3' 5'- AAAGACTGGCGCTGCTCA-3'
Cpt1b 5'- GTGACTGGTGGGAAGAGTACG-3' 5'- CTGCTTGTTGGCTCGTGTT-3'
Cpt1c 5'- GCCTGCCAATTTGTGAGAG-3' 5'- GGCAAGGCACTGTTGGTC-3'
Mfn2 5’-ATTGGCCACACCACCAAT-3’ 5’-TGGGCTAGCTGGTTCACG-3’
* Recognizes both CPT1A and CPT1AM
doi:10.1371/journal.pone.0159399.t001
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Lipid extraction from rBA
rBA were seeded, differentiated in 12-wells plates and infected as described above. Then, cells
were collected for lipid extraction following Gesta et al protocol [36] with minor modifications:
after cell lysis with 0.1% SDS, 1/2/0.12 (v/v/v) methanol/chloroform/0.5M KCl solution was
added, the two phases were separated by centrifugation and the upper phase was dried with N2.
Finally, lipids were resuspended in 100% isopropanol.
Measurement of nonesterified fatty acids
Nonesterified fatty acids (NEFAs) were measured in rBA lipid extracts by NEFA-HR detection
kit (Wako Diagnostics) according to the manufacturer’s instructions. NEFA levels were nor-
malized against protein content.
Seahorse bioanalyzer
The Seahorse XF24 (Seahorse Bioscience, www.seahorsebio.com) was used to measure oxygen
consumption rate (OCR) in mature brown adipocytes. For a typical bioenergetic profile we
used oligomycin to block ATP synthase; the uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) to measure maximal respiratory capacity; followed by rotenone, the
complex 1 inhibitor, and antimycin-A to leave only non-mitochondrial activity to be measured
(all from Sigma-Aldrich). Cells were differentiated in customized Seahorse 24-well plates and
infected as described above. Before the measurement, cells were incubated for 1 hour with XF
Assay Medium (Seahorse Bioscience) plus 5 mM glucose. During the assay, we injected the fol-
lowing at the final concentrations shown: 0.2 μM oligomycin, 0.2 μM FCCP, 1 μM rotenone,
and 1 μM antimycin-A. OCR was calculated by plotting the O2 tension of media as a function
of time (pmol/min), and data were normalized by the protein concentration measured in each
individual well. The results were quantified as the average of 8–10 wells +/- SEM per time
point in at least three independent experiments.
Fatty acid (FA) treatment
Sodium palmitate was conjugated with free BSA in a 5:1 ratio to yield a stock solution of 2.5
mM [27]. Cells were incubated with 0.3 mM or 1 mM of this solution or only BSA (basal con-
trol) for 24 hours.
Triglycerides measurement
Triglycerides (TG) were quantified in rBA lipid extracts using TG Triglyceride kit (Sigma),
according to the manufacturer's instructions. Protein concentrations were used to normalize
sample values.
Statistical analysis
Data are expressed as the mean ± SEM. Control and experimental groups were compared
using Student's t-test (column analysis) or two-way ANOVA (grouped analysis). P<0.05 was
considered statistically significant. All figures and statistical analyses were generated using
GraphPad Prism 6 software.
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Results
Characterization of rBA differentiation stage
A time-course study was performed to assess the differentiation stage of rBA. Differentiation
was evaluated by Oil Red O staining, mRNA expression of BAT differentiation markers, and
protein levels of UCP1. Oil Red O staining showed an increase in neutral lipid accumulation,
starting at day 6 of differentiation (Fig 1A and 1B). The mRNA levels of the brown adipocyte
differentiation markers CIDEA, PGC1a, PRDM16 and Zic1 increased at day 3, and peaked at
day 6 of differentiation (Fig 1C). The mRNA levels of the beige adipocyte marker CD137 were
unchanged (Fig 1C), which indicates that rBA did not show a beige phenotype. The proteins
levels of the classical BAT marker, UCP1, were maximal at day 6 of differentiation (Fig 1D).
Therefore, day 6, when cells were completely differentiated and had reached maturity, was cho-
sen to perform the expression of CPT1AM.
In addition, we analyzed the mRNA expression pattern of CPT1 isoforms during differenti-
ation (Fig 1E). As expected, CPT1B (the isoform most expressed in BAT), showed higher
mRNA changes than the other two isoforms starting at day 3 of differentiation. CPT1A was
also increased at day 3 and 6 of differentiation compared to day 0, but to a lesser extent than
CPT1B. At day six of differentiation, the three isoforms were significantly increased compared
to undifferentiated rBA (day 0).
Enhanced FAO in CPT1AM-expressing rBA
Fully differentiated and mature rBA (day 6) were infected with adenoviruses carrying the
CPT1AM gene or GFP as a control. The efficiency of the infection was evaluated in rBA trans-
duced with AdGFP (Fig 2A upper panel; 52.8% infected cells). CPT1A mRNA and protein lev-
els were 9.82- and 3.52-fold higher, respectively, in CPT1AM-expressing rBA than in GFP
control cells (Fig 2A lower panel and Fig 2B). The mRNA expression levels of the other CPT1
isoforms (CPT1B and CPT1C) were unaltered in CPT1AM-expressing rBA (S1A Fig and S1
Table). In turn, the FAO rate was 3.42-fold higher in CPT1AM-expressing rBA (Fig 2C). To
evaluate whether the increase in FAO was related to an increase in mitochondrial content, we
measured the expression of Tim 44 (translocase of mitochondrial inner membrane 44, a mito-
chondrial content marker), PGC1aα (a mitochondrial biogenesis marker) and Mfn2 (target
gene of PGC1a). No changes were seen in any of these markers, which indicate that CPT1AM
expression did not affect mitochondrial content or mitochondrial biogenesis (Fig 2D–2F).
Interestingly, the mRNA expression of the mitochondrial electron transport respiratory chain
(ETC) complexes such as mitochondrial NADH dehydrogenase 1 (Mt-Nd1, complex I), cyto-
chrome b (Mt-Cyb, complex III), cytochrome C oxidase I (Mt-Co1, complex IV component),
and ATP synthase 6 (Mt-ATP6, complex V), were increased in CPT1AM-expressing rBA
(Fig 2G).
CPT1AM expression increases lipolysis and UCP1 protein levels
The effects of increased FAO on lipolysis and UCP1 protein levels were measured as markers
of activation of thermogenesis. We measured intracellular nonesterified fatty acids (NEFAs)
and glycerol release, which are two major products of lipolysis, a conventional method to
quantify thermogenesis. NEFAs and glycerol levels were increased in CPT1AM-expressing
rBA, indicating that CPT1AM expression stimulates lipolysis (Fig 3A and 3B). CPT1AM-
expressing cells showed a 1.6-fold increase in UCP1 protein levels compared to GFP-infected
cells (Fig 3C).
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Fig 1. Assessment of rBA differentiation. (A) Oil Red O staining of rBA at different days of differentiation. (B) Quantification
of the Oil Red O staining images. (C) Relative mRNA expression of brown (CIDEA, PGC1a, PRDM16, and Zic1) or beige
adipocyte markers (CD137). (D) UCP1 protein expression. €Relative mRNA expression of the three CPT1 isoforms during
rBA differentiation. The values represent the mean ± SEM of at least three independent experiments. *, #, § P < 0.05
compared with day 0 of differentiation of CPT1B, CPT1A and CPT1C, respectively.
doi:10.1371/journal.pone.0159399.g001
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Fig 2. Enhanced FAO in CPT1AM-expressing rBA. (A) (upper panel) AdGFP-infected rBA 48h after infection.
A (lower panel): Relative CPT1AmRNA expression in AdGFP- or AdCPT1AM-infected rBA. (B) Whole cell
lysates from GFP- and CPT1AM-expressing rBA were subjected to immunoblot analysis with a specific antibody
against CPT1A and b-actin. (C) Total FAO rate represented as the sum of acid soluble products plus CO2
oxidation. (D) Whole cell lysates from GFP- and CPT1AM-expressing rBA were subjected to immunoblot
CPT1 in Brown Adipocytes
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analysis with a specific antibody against Tim 44 and b-actin. (E-F) Relative PGC1a and Mfn2 mRNA expression
in AdGFP- or AdCPT1AM-infected rBA. (G) Relative mRNA expression of the mitochondrial ETC complexes.
Shown representative experiment out of 3, n = 3–4. *P < 0.05.
doi:10.1371/journal.pone.0159399.g002
Fig 3. Enhanced lipolysis and UCP1 protein levels in CPT1AM-expressing rBA. (A, B) Lipolysis measured as
glycerol release and intracellular NEFAs concentration in GFP- and CPT1AM-expressing rBA. (C) CPT1AM
expression increases UCP1 protein levels. (D) Glycerol release in rBA incubated for 6 hours with or without 5 μM
norepinephrine (NE) and 180 μM etomoxir. Shown representative experiment out of 3, n = 3–4. *P < 0.05, **P < 0.01.
doi:10.1371/journal.pone.0159399.g003
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To further examine the role of FAO in rBA thermogenesis, rBA were stimulated with nor-
epinephrine (NE) and incubated with or without etomoxir, an irreversible CPT1-specific inhib-
itor. Glycerol release was measured after 6 hours of treatment. The NE-induced increase in
lipolysis was blunted in etomoxir-treated rBA (Fig 3E).
Increased mitochondrial respiration in CPT1AM-expressing rBA
The CPT1AM-induced increase in FAO, UCP1 protein levels and lipolysis prompted us to
evaluate potential changes in rBA energetics. Bioenergetic studies were performed using a
XF24 Extracellular Flux Analyzer (Seahorse Biosciences) to measure the mitochondrial activity.
First, basal respiration was measured, followed by exposure to oligomycin, an inhibitor of ATP
synthase, which allowed the measurement of ATP synthesis-coupled respiration and H+ leak.
Then, the uncoupler carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone [FCCP] was
added to measure the maximal respiratory capacity, followed by the Complex I inhibitor rote-
none and complex III inhibitor antimycin A, which left only non-mitochondrial respiration to
be measured (Fig 4A). Interestingly, the bioenergetic profile of CPT1AM-expressing rBA
revealed significant increases in overall mitochondrial respiration (Fig 4A–4F). CPT1AM-
expressing rBA showed higher basal respiration (Fig 4B), H+ leak (Fig 4C), maximal respiratory
capacity (Fig 4D), ATP synthesis-coupled respiration (Fig 4E), and reserve capacity (Fig 4F)
than GFP control cells.
CPT1AM expression reduces palmitate-induced derangements
The palmitate-induced increase in triglyceride (TG) accumulation was blunted in CPT1AM-
expressing rBA (Fig 5A). The mRNA levels of the obesity (FABP4) and inflammatory (TNFa)
markers were increased after palmitate treatment. However, CPT1AM-expressing rBA were
protected from a palmitate-induced increase in FABP4 and TNFa (Fig 5B and 5C). The mRNA
levels of the ER stress markers CHOP and EDEM were decreased in CPT1AM-expressing rBA
compared to GFP-control cells (S1B Fig and S1 Table).
Discussion
Obesity and associated diseases such as diabetes have become a worldwide health threat. Dysli-
pidemia is a common characteristic shared by these metabolic disorders, and the lipid-central
point of view has become popular in recent years. The finding that humans have active brown
fat has raised high expectations for the treatment of obesity-induced diseases, since brown fat
can dissipate caloric energy and reduce both obesity and diabetes in experimental animals [8–
12,37–40]. In fact, after short-term cold exposure, brown fat is the main lipid clearance organ
[16]. Thus, recent years have seen increasing interest in the regulation of BAT thermogenesis.
Most of the strategies have been focused on the role of UCP1 and attempts to enhance heat
production, although other authors argue that additional genes may cooperate in the thermo-
genic function [41].
The finding that BAT is the tissue with the highest FAO rate [42] and that the activity of the
FAO rate-limiting enzyme, CPT1, is decreased in BAT of diabetic rats [32] led us to hypothe-
size that BAT thermogenic power could be enhanced by increasing its FAO. Thus, we overex-
pressed the constitutively active mutant form, CPT1AM, in rBA.
The assessment of rBA differentiation by Oil Red O staining, UCP1 protein levels and
mRNA expression of several BAT differentiation markers showed that the rBA were fully dif-
ferentiated and mature at day 6. Thus, day 6 was chosen for further experiments. The expres-
sion pattern of the three CPT1 isoforms (CPT1A, CPT1B and CPT1C) indicated that all were
significantly increased during differentiation, especially CPT1B. Although further studies will
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Fig 4. Increasedmitochondrial activity in CPT1AM-expressing rBA. (A) Bioenergetic profile of GFP- and
CPT1AM-expressing rBA. (B-F) Quantification of Seahorse analysis: basal respiration (B), H+ leak (C), maximal
respiratory capacity (D), ATP-linked (E) and reserve capacity (F). Shown representative experiment out of 3,
n = 8–10. *P < 0.05.
doi:10.1371/journal.pone.0159399.g004
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Fig 5. CPT1AM expression is able to reduce lipid-induced derangements. (A) TG content in GFP- or
CPT1AM-expressing rBA treated with BSA (basal) or 1 mM palmitate (PA) for 24 hours. (B-C) Relative mRNA
expression of FABP4 and TNFa in GFP- or CPT1AM-expressing rBA incubated with 1 mM (FABP4) or 0.3
mM (TNFa) PA. Shown representative experiment out of 3, n = 3–4. *P < 0.05, **P < 0.01.
doi:10.1371/journal.pone.0159399.g005
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be necessary to identify the specific function of each isoform in BAT, these results implicate all
three isoforms in the differentiation of brown adipocytes.
Despite BAT being the tissue with the highest FAO rate [42], here we were able to further
increase FAO in rBA by the expression of CPT1AM. This was achieved without changes in
mitochondrial content or biogenesis. CPT1AM-expressing cells had higher lipolysis and UCP1
protein expression, usually considered as increased thermogenesis. This indicates that
CPT1AM-mediated increase in FAO could be an alternative pathway for the regulation of ther-
mogenesis. Initially, BAT thermogenesis requires a plentiful supply of FAs as substrates
[43,44]. Therefore, lipolysis is activated during this process, releasing FAs from TG. FAs could
be transported into the mitochondria, be involved in the regulation of UCP1 or directly activate
UCP1, which uncouples oxidative phosphorylation from ATP production, generating heat
[45,46]. Although further experiments will be needed to determine UCP1 regulation during
CPT1AM expression, here we have shown that FAO enhancement not only increases lipolysis
in rBA, but it is also associated with increased UCP1 protein expression, whose levels are rate-
limiting for thermogenesis [47]. Since FA constitute the primary substrate for BAT [48] we
hypothesize that CPT1AM expression increases the provision of BAT FA by: 1) directly intro-
ducing them into the mitochondria and 2) enhancing lipolysis. The liberated FA then activate
and bind to UCP1 in the inner mitochondrial membrane resulting in proton transport, heat
generation, and oxygen consumption [48,49]. Thus, CPT1AMmay directly or indirectly trigger
lipid mobilization to provide BAT mitochondria with fuel (FA).
Several studies have demonstrated the importance of FAO in BAT. Ji et al. showed that
CPT1B+/- mice developed fatal hypothermia as a result of their inability to perform thermogen-
esis [50]. More recently, a study in adipocyte-specific CPT2 KO mice indicated that FAO is
required for the induction of thermogenic genes in BAT and cold adaptation [29]. In addition,
Chondronikola et al. have shown that humans with higher amounts of BAT have also higher
FAO during cold exposure and that BAT volume is associated with increased lipid metabolism
(whole-body FA turnover and oxidation) and adipose tissue insulin sensitivity [51,52]. Here
we show that etomoxir (a CPT1-specific inhibitor) blocks TG breakdown in NE-stimulated
rBA. These observations indicate that lipolysis supplies substrates for thermogenesis, but when
CPT1 is inhibited, free FAs are not transported into the mitochondria and lipolysis is blunted.
This would support previous observations that CPT1 inhibitors suppress mitochondrial respi-
ration [53], and that FAO plays an important role during thermogenesis. CPT1AM-expressing
rBA displayed increased basal respiration, H+ leak, maximal respiratory capacity, and reserve
capacity. The increase in H+ leak is consistent with the increase seen in UCP1 protein expres-
sion. CPT1AM-expressing rBA showed increased lipolysis (FA substrate availability) and mito-
chondrial ETC complexes mRNA expression. This could have contributed to the enhanced
maximal respiratory capacity [54]. Reserve capacity is the difference between maximal respira-
tory capacity and basal respiration, and it is a useful qualitative indicator of mitochondrial
energetic status [54,55]. Thus, our data indicate that enhanced FAO in brown adipocytes
potentiates mitochondrial activity.
Finally, we evaluated whether enhanced FAO by CPT1AM expression in the context of obe-
sity would improve lipid-induced derangements. Thus, we decided to mimic an obese pheno-
type in our cellular rBA model. Traditionally, FA incubation has been used to activate
thermogenesis [56]. We tested several palmitate concentrations and different times of incuba-
tion to achieve a lipid-induced increase in TG accumulation and FABP4 and TNFa mRNA
expression, similar to that previously observed in obese and lipodystrophic mice [16,57,58].
Enhanced FAO in rBA reduced TG content and FABP4 and TNFa mRNA levels, thereby pro-
tecting brown adipocytes from obesity and inflammation. These observations highlight
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CPT1AM-mediated activation of FAO in brown adipocytes as a potential strategy to treat obe-
sity-induced diseases.
In summary, we have shown that CPT1AM expression in rBA increases FAO, lipolysis,
UCP1 protein levels and mitochondrial activity. Incubation of rBA with the CPT1-specific
inhibitor, etomoxir, blocks NE-stimulated lipolysis. Furthermore, enhanced FAO restored the
palmitate-induced increase in TG accumulation and the expression levels of obese and inflam-
matory markers. We conclude that enhancing the fat-burning power of brown adipocytes
through CPT1AM expression may protect them from lipid-induced derangements. Thus,
CPT1AM-mediated increase in lipolysis, UCP1 protein expression and mitochondrial activity
in brown adipocytes may lead to a new treatment of obesity and related disorders.
Supporting Information
S1 Fig. mRNA expression levels of CPT1 isoforms and ER stress markers. (A) Relative
mRNA expression of CPT1A, CPT1B and CPT1C in GFP- or CPT1AM-expressing rBA. (B)
Relative mRNA expression of BiP, CHOP and EDEM in GFP- or CPT1AM-expressing rBA
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Accumulation evidence links obesity-induced inflamma-
tion as an important contributor to the development of
insulin resistance, which plays a key role in the patho-
physiology of obesity-related diseases such as type 2
diabetes and nonalcoholic fatty liver disease. Cyclo-
oxygenase (COX)-1 and -2 catalyze the first step in
prostanoid biosynthesis. Because adult hepatocytes fail
to induce COX-2 expression regardless of the proin-
flammatory stimuli used, we have evaluated whether
this lack of expression under mild proinflammatory
conditions might constitute a permissive condition for
the onset of insulin resistance. Our results show that
constitutive expression of human COX-2 (hCOX-2) in
hepatocytes protects against adiposity, inflammation,
and, hence, insulin resistance induced by a high-fat diet,
as demonstrated by decreased hepatic steatosis, adi-
posity, plasmatic and hepatic triglycerides and free fatty
acids, increased adiponectin-to-leptin ratio, and de-
creased levels of proinflammatory cytokines, together
with an enhancement of insulin sensitivity and glucose
tolerance. Furthermore, hCOX-2 transgenic mice exhibited
increased whole-body energy expenditure due in part by
induction of thermogenesis and fatty acid oxidation. The
analysis of hepatic insulin signaling revealed an increase in
insulin receptor–mediated Akt phosphorylation in hCOX-2
transgenic mice. In conclusion, our results point to COX-2
as a potential therapeutic target against obesity-associated
metabolic dysfunction.
Insulin resistance (IR) plays a key role in the pathophys-
iology of obesity-related diseases such as type 2 diabetes
and nonalcoholic fatty liver disease. IR is the key primary
defect underlying the development of type 2 diabetes and
is a central component defining the metabolic syndrome.
That IR is associated with a state of chronic low-grade
inflammation has been demonstrated, and inflammation
is assumed to contribute in a major way to its develop-
ment (1). Besides the fact that IR is characterized by
complex interactions between genetic determinants and
nutritional factors, it is recognized that mediators synthe-
sized from immune cells and adipocytes are involved in
the regulation of insulin action (2). Insulin acts in target
cells by binding to its specific receptor and activating
a cascade of intracellular signaling events that are altered
in inflammation-associated IR (3).
Inflammation induces the expression of a variety of pro-
teins, including prostaglandin–endoperoxide synthase-2,
also known as cyclooxygenase (COX)-2, which catalyzes
the first step in prostanoid biosynthesis. COX-2 is in-
duced by a variety of stimuli such as growth factors,
proinflammatory mediators, hormones, and other cellular
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stresses (4). On one hand, adult hepatocytes fail to in-
duce COX-2 regardless of the proinflammatory stimuli
used, and COX-2 is induced only under prolonged ag-
gression as a result of the drop of C/EBP-a (5) or after
partial hepatectomy (6). On the other hand, Kupffer,
stellate, hepatoma mouse liver cells, and fetal hepato-
cytes retain the ability to express COX-2 upon stimula-
tion with lipopolysaccharide and proinflammatory
cytokines (7).
Previous work has implicated COX-2 in the patho-
genesis of obesity and IR. Hsieh et al. (8–10) reported
muscle and fat IR improved in rats fed fructose or
a high-fat diet (HFD) treated with COX-2 inhibitors.
However, Coll et al. (11) found that COX-2 inhibition
exacerbated palmitate-induced inflammation and IR
in skeletal muscle. Our previous results (12), performed in
a model of transgenic (Tg) mice constitutively expressing
human COX-2 in hepatocytes (hCOX-2–Tg), demon-
strated a protective role of COX-2 against liver apoptosis
induced by streptozotocin-mediated hyperglycemia.
These findings prompted us to screen the role of
COX-2 expression in hepatocytes in a model of IR and
altered energy homeostasis induced by HFD. The current
study has demonstrated that expression of COX-2 in
hepatocytes protects against steatosis, adiposity, inflam-
mation, and hepatic IR in hCOX-2–Tg mice under HFD
conditions by improving insulin sensitivity and glucose
tolerance, enhancing Akt and AMPK phosphorylation,
decreasing protein tyrosine phosphatase-1B (PTP1B)
protein levels, and increasing thermogenesis and energy
expenditure.
RESEARCH DESIGN AND METHODS
Animal Experimentation
The study used hCOX-2–Tg mice (25–30 g body weight; 3
months) on a B6D2/OlaHsd background along with cor-
responding age-matched wild-type (Wt) mice (13). Ani-
mals were treated according to the Institutional Care
Instructions (Bioethical Commission from Spanish Re-
search Council [CSIC], Spain). The hCOX-2–Tg mice and
their corresponding Wt littermates were generated by sys-
tematic mating of Tg mice with B6D2F1/OlaHsd Wt mice in
our animal facilities for more than seven generations.
Insulin Signaling Studies
Wt and hCOX-2–Tg mice fasted for 6 h were intraperito-
neally injected with 0.75 units/kg human recombinant
insulin and killed 15 min later. The liver was removed,
and RNA and total protein extracts were prepared, as
previously described (14).
Induction of Liver Steatosis and Obesity by HFD
Wt and hCOX-2–Tg mice were fed a regular chow diet
(RCD; A04-10, Panlab, Barcelona, Spain) or a 42% HFD
(TD.88137, Harlan Laboratories, Madison, WI) ad libitum
for 12 weeks. Some (n = 7) of the hCOX-2–Tg mice fed the
HFD were treated intraperitoneally with 10 mg/kg/day
DFU, a COX-2 selective inhibitor, five times in a week
during all the treatment. During HFD treatment, body
weight and food and water intake were recorded every 2
days. After 12 weeks of treatment, animals were killed
and the liver, epididymal white adipose tissue (eWAT),
inguinal WAT (iWAT), and interscapular brown adipose
tissue (BAT) were snap-frozen in liquid nitrogen and
stored at 280°C or collected in a solution containing
30% sucrose in PBS or fixed in 10% buffered formalin.
Plasma was obtained from the inferior vena cava.
Metabolic Measurements
Metabolic measurements were performed at the begin-
ning of HFD treatment and at the end of week 12. Mice
underwent an insulin tolerance test (ITT) and glucose
tolerance test (GTT). For the ITT, after mice fasted for 6 h
were intraperitoneally injected with 0.75 units/kg human
recombinant insulin. Blood glucose was measured from
the tail vein at 0, 15, 30, 60, and 90 min. For the GTT,
mice fasted for 16 h were intraperitoneally injected with 2
g/kg glucose, and blood samples were taken at 0, 30, 60,
and 90 min. Glucose levels were measured with an Accu-
Check Glucometer (Roche). The homeostasis model of
assessment of IR (HOMA-IR), an index of whole-body IR
at the basal state, was calculated as HOMA-IR = (FPI 3
FPG)/22.5, where FPI is fasting plasma insulin concentra-
tion (mU/L) and FPG is fasting plasma glucose (mmol/L).
Indirect Calorimetry
At the end of week 12, independent groups of Wt and
hCOX-2–Tg mice (n = 4) were analyzed by indirect calo-
rimetry in a PhenoMaster System (TSE Systems, Bad
Homburg, Germany). Mice were acclimated to the test
chamber for at least 24 h and were monitored for an
additional 48 h. Food and water were provided ad libitum
in the appropriate devices and measured by the built-in
automated instruments. VO2 and VCO2 measurements
were taken every 10 min. The respiratory exchange ratio
was calculated as: RER = VCO2/VO2. Energy expenditure
(EE) was calculated as: EE = [3.815 + (1.23 3 RER)] 3
VO2 3 1.44. Data are the average values obtained in these
recordings.
Cold Exposure Experiments
Three-month-old Wt and hCOX-2–Tg mice (n = 8) were
acclimated at a temperature of 28°C for 1 week. Then,
mice were randomly divided into two groups: one group
was exposed to 4°C for 6 h in individual cages and the
other group was maintained at 28°C. Mice were killed at
the end of the experiment, and BAT, eWAT and iWAT
depots were removed and frozen in liquid nitrogen for
posterior assays.
Data Analysis
Statistical analyses were performed using SPSS 17 soft-
ware. Data are expressed as means 6 SE. The Student t
test was applied whenever necessary, and statistical anal-
ysis of the differences between groups was performed by
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one-way ANOVA, followed by the Tukey test. P , 0.05
was considered statistically significant.
RESULTS
COX-2–Tg Mice Are Protected From HFD-Induced
Hepatic Steatosis, Obesity, and IR
To explore whether COX-2 expression in hepatocytes
affects glucose tolerance and insulin sensitivity in mice,
we used our previously described hCOX-2–Tg mice that
constitutively express human COX-2 in hepatocytes under
the control of the human apolipoprotein E promoter and
its specific hepatic control region, a unique regulatory
domain that directs apolipoprotein E expression in the
liver (13) and that also lacks macrophage-specific regu-
latory regions (ME.2 and ME.1) (15), ensuring exclusive
expression in liver. Prostaglandin E2 (PGE2), the main
COX-2–derived prostanoid in the liver, is threefold in-
creased (Supplementary Fig. 1A and B) (13). The expres-
sion of COX-2 in the liver of COX-2–Tg mice was
comparable to the levels reached in fetal hepatocytes after
stimulation with lipopolysaccharide (5,7) and in liver re-
generation after partial hepatectomy (6,16).
Although, no differences in body weight gain were
found under the RCD condition (Supplementary Fig. 1C),
the body weight in hCOX-2–Tg mice fed the HFD did not
increase as much as the corresponding Wt littermates,
and the eWAT size and liver weight were significantly
lower compared with those of the Wt mice (liver weight:
1.29 6 0.05 g for hCOX-2–Tg and 1.63 6 0.11 g for Wt;
P , 0.05) (Fig. 1A–C). Notably, hCOX-2–Tg mice dis-
played a 20% lesser body weight gain without significant
changes in the initial body weight or in food intake (Fig. 1D).
Figure 1—hCOX-2–Tg mice are protected from HFD-induced obesity, insulin, and glucose intolerances. Wt and hCOX-2–Tg mice were fed
an HFD ad libitum for 12 weeks. An additional group of hCOX-2–Tg mice was treated with the COX-2 inhibitor DFU five times weekly during
all HFD treatment. A: Representative photographs of Wt and hCOX-2–Tg mice. B: Representative photographs of eWAT and liver from Wt
and hCOX-2–Tg mice. C: Body weight curve of Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU mice fed an HFD expressed as percentage of basal
body weight. Data are expressed as means6 SE (n = 7 per group). *P< 0.05 vs. Wt; #P< 0.05 vs. hCOX-2–Tg. D: Initial (i) and final (f) body
weight and mean daily food intake. ITT after 6 h fasting (E ) and GTT after 16 h fasting (F ) of animals (n = 6 per group) after HFD. Graph
represents area under the curve (AUC) during GTT. Data are expressed as means 6 SE. *P < 0.05 vs. Wt.
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Interestingly enough, hCOX-2–Tg mice treated with DFU
exhibited an intermediate body weight value (Fig. 1C).
To assess the effect of the HFD on glucose homeostasis,
HFD-fed mice underwent GTT and ITT analysis (Fig. 1E
and F). Plasma glucose levels (mg/dL) were similar among
genotypes under the HFD condition, at 173.5 6 6.7 for
Wt, 159.2 6 12.1 for hCOX-2–Tg, and 177.3 6 21.2 for
hCOX-2–Tg+DFU. However, under the HFD condition,
hCOX-2–Tg mice displayed enhanced insulin sensitivity
(Fig. 1E) and glucose tolerance (Fig. 1F) compared with
the Wt. In addition, treatment of hCOX-2–Tg mice with
DFU partially reversed the beneficial effects on glucose
homeostasis induced by COX-2–dependent prostaglandins.
ITT and GTT also revealed an enhanced insulin sensitivity
and glucose tolerance in hCOX-2–Tg versus Wt mice un-
der RCD basal conditions (Supplementary Fig. 1D and E).
The effect of COX-2 expression in hepatic insulin signal-
ing was evaluated in primary hepatocytes. As shown in
Supplementary Fig. 2A, insulin-induced insulin receptor
and Akt phosphorylations were markedly increased in
hCOX-2–Tg hepatocytes. Furthermore, when Wt hepato-
cytes were treated with PGE2 before insulin stimulation,
Akt phosphorylation was increased, and conversely, when
hCOX-2–Tg hepatocytes were pretreated with DFU, Akt
phosphorylation was decreased, indicating the specificity
of COX-2–dependent prostaglandins in the modulation of
insulin signaling (Supplementary Fig. 2B).
Chronic HFD treatment causes accumulation of lipids
in the liver, a process leading to fatty liver disease. Under
these nutritional conditions Wt mice developed severe
steatosis (Fig. 2A), including massive accumulation of
large lipid droplets and a significant increase in liver tri-
glyceride (TG) (Fig. 2B). The hCOX-2–Tg mice were pro-
tected against liver steatosis, showing fewer and smaller
lipid droplets, whereas DFU administration partially reverted
this effect, exhibiting an intermediate liver steatosis but
including lipids microvesicles (Supplementary Fig. 3A).
The steatosis score, as defined by Nonalcoholic Steatohep-
atitis Clinical Research Network Scoring System Defini-
tions (17), was lower in hCOX-2–Tg mice (Supplementary
Fig. 3B).
COX-2–Tg Mice Are Protected From Hepatic
Inflammation and Injury
Because the increase in adipose tissue and inflammation
has been linked to IR, we performed histologic examina-
tion of eWAT, and the results showed adipocyte hyper-
trophy with larger adipocytes in Wt mice versus hCOX-2–Tg;
and again, COX-2–Tg mice treated with DFU resembled
features of the Wt eWAT (Fig. 2C). A frequency histogram
showed a shift to the left in adipocyte size in the hCOX-2–Tg
mice, with a significant increase in the number of cells and
a decrease in the occupied area (mean 1,168 6 652 mm2
for Wt and 624 6 356 mm2 for hCOX-2–Tg, P , 0.05);
this process was partially reverted with the DFU treatment
(748 6 863 mm2) (Fig. 2D and E). Moreover, as an estima-
tion of body fat content, eWAT plus iWAT mass referred to
body weight was lower in hCOX-2–Tg mice, whereas tibia
length did not change between Wt and hCOX-2–Tg mice
(Fig. 2F). These results indicate hypertrophy in eWAT
from Wt mice. Cytokine eWAT expression is shown in Fig.
2G. As expected, higher adiponectin levels were detected in
hCOX-2–Tg mice together with a significant decrease in the
proinflammatory markers tumor necrosis factor-a (TNF-a)
and interleukin (IL)-6.
Indeed, whereas plasma TGs were significantly elevated
exclusively in obese Wt mice after the HFD, plasma
cholesterol increased both in Wt and hCOX-2–Tg mice.
Levels of plasma nonesterified fatty acids (NEFA) were
higher in HFD-fed Wt mice than in hCOX-2–Tg mice (Ta-
ble 1). Plasma insulin and leptin increased after the HFD
in Wt mice, but smaller increases were found in hCOX-2–Tg
mice. Furthermore, hCOX-2–Tg mice were hypoleptinemic
under the RCD condition (Table 1), and adiponectin levels
were elevated (20% increase) in hCOX-2–Tg mice versus
Wt controls under the HFD condition. The adiponectin-to-
leptin ratio was higher in hCOX-2–Tg; however, HOMA-IR
was lower in hCOX-2–Tg mice under the HFD condition
(Table 1). DFU treatment in the hCOX-2–Tg mice partially
prevented the beneficial effects on plasmatic parameters
induced by COX-2–dependent prostaglandins. In fact,
plasmatic PGE2 did not change with the HFD; however,
as expected, PGE2 levels decreased under DFU treatment
(Table 1). Hepatic injury was analyzed by measuring ala-
nine aminotransferase and aspartate aminotransferase ac-
tivities, and both enzymes increased by the effect of HFD
to a lesser extent in hCOX-2–Tg mice (Supplementary Fig.
4). The HFD led to a chronic inflammatory profile, which
is believed to be critical for the development of glucose
intolerance and IR (18). Accordingly, hepatic mRNA levels
of TNF-a, Il-1b, and IL-6 were significantly enhanced
in livers from HFD-fed Wt mice, whereas hCOX-2–Tg
mice exhibited lower levels of these inflammatory markers
(Table 2).
After detecting the differences in NEFAs levels, high-
resolution magic-angle spinning magnetic resonance spec-
troscopy was performed to identify and quantify saturated
fatty acids (Supplementary Fig. 5A and B). We found a lower
value of the pool of total saturated fatty acids in hCOX-2–
Tg mice compared with Wt, and this result was reversed in
hCOX2–Tg+DFU (Supplementary Fig. 5B).
To gain insight into the molecular mechanisms impli-
cated in COX-2 protection, we evaluated mRNA levels of
transcription factors and genes involved in fatty acid
oxidation, lipolysis, and lipogenesis. In hCOX-2–Tg liver,
there was a significant increase of Ppara and Cpt1a under
the HFD condition indicating an enhanced fatty acid ox-
idation. In agreement, the expression levels of genes in-
volved in fatty acid synthesis, such as Pparg and Scd1,
were markedly increased in Wt, but upregulation of these
markers was lower in hCOX-2–Tg mice. Also, Cd36 expression
was lower in hCOX-2–Tg. Moreover, gene expression of
COX-2–mediated responsive primary targets has been an-
alyzed. As expected, hCOX-2–Tg mice showed an increase
diabetes.diabetesjournals.org Francés and Associates 1525
in hepatic mRNA levels of CyclinD1 and Bcl2, known tar-
get genes of COX-2, and mPges1, the second key enzyme
that couples with COX-2 for the synthesis of PGE2 (Table 3).
Increased EE in COX-2–Tg Mice After HFD Treatment
To determine the cause of decreased adiposity and
improved insulin sensitivity in hCOX-2–Tg mice, we ex-
amined food intake and EE. The reduced adiposity of
hCOX-2–Tg mice could not be explained by decreased
food intake (Fig. 1D) but was associated with increased
EE. Of note, no differences were found in basal rectal
temperature by a possible pyrogenic effect of PGE2 (Wt:
36.4 6 0.6°C; h-COX-2–Tg: 35.8 6 0.7°C).
VO2 was elevated in hCOX-2–Tg mice versus Wt mice
during light and dark cycles. As expected, DFU treatment
of hCOX-2–Tg resembled the Wt situation (Fig. 3A and
Supplementary Fig. 6A). Similar results were obtained when
CO2 production was measured, and as a consequence, EE
and RER were also increased in hCOX-2–Tg mice versus Wt
mice during light and dark periods (Fig. 3B, C and E and
Supplementary Fig. 6E). However, no differences between
genotypes were noted in locomotor activity (Fig. 3D).
Figure 2—COX-2–Tg mice are protected from HFD-induced hepatic steatosis. A: Representative images of hematoxylin and eosin (H&E)-
stained liver paraffin-embedded sections from Wt and hCOX-2–Tg mice under RCD and from Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU mice
under the HFD condition. B: Hepatic TG levels in all experimental groups, measured by enzymatic analysis. Data are expressed as means 6
SE (n = 7 per group). *P < 0.05 vs. Wt-RCD; #P < 0.05 vs. Wt-HFD. C: Representative images of H&E-stained sections of paraffin-
embedded eWAT from Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU mice under the HFD condition. D: Number and adipocyte area expressed in
mm2 of five sections per animal (n = 4 per group). E: Frequency histograms of eWAT from HFD-fed Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU
mice. F: eWAT + iWAT fat mass content related to body weight and tibia length. G: mRNA levels of adipokines and proinflammatory
cytokines measured in eWAT by real-time quantitative PCR and normalized to the expression of 36b4 mRNA. Values represent fold relative
to Wt under the HFD condition. Data are expressed as means6 SE for four to six mice for each experimental group. *P < 0.05 vs. Wt-HDF;
#P < 0.05 vs. hCOX-2–Tg-HFD.
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In agreement with increased cage temperature (Fig.
3F), hepatic COX-2–derived PGE2 enhanced the expres-
sion of thermogenic genes (Ucp1, Dio2, and Prdm16) in
iWAT, suggesting induction of browning. Furthermore,
thermogenic-gene expression was also increased in BAT
in hCOX-2–Tg mice (Fig. 4A). To reinforce these data, we
performed a cold acclimation experiment to assess the
differential thermogenic response between Wt and hCOX-
2–Tg mice. As shown in Fig. 4B, cold-induced Ucp1, Dio2,
and Prdm16 mRNA levels were significantly higher in
iWAT of hCOX-2–Tg mice, suggesting a browning pro-
cess. In BAT, the differential effects after cold exposure
were found in Ucp1 mRNA levels. These data reinforce
the beneficial effects found in energy expenditure in
hCOX-2–Tg mice. Also, PGE2 was able to induce uncou-
pling protein 1 (UCP-1) expression in nondifferentiated
BAT SVF cells (Fig. 4C).
Hepatic COX-2 Expression Enhances Insulin Signaling
in Liver After HFD
The phosphorylation of Akt and AMPK-a were markedly
reduced in obese Wt liver compared with hCOX-2–Tg mice
(Fig. 5A and B). These differences in insulin signaling
between Wt and hCOX-2–Tg mice after HFD could reflect
differential expression of negative modulators of the early
steps of insulin signaling. In this regard, PTP1B protein
levels were upregulated in the liver of HFD-fed Wt mice
compared with similar genotype fed the RCD, whereas
this effect was not observed in hCOX-2–Tg mice. All of
these data suggest that hCOX-2–Tg mice are protected
against IR under the HFD condition.
Human and Mouse Liver Cells Expressing COX-2–Tg
Are Protected Against Fatty Acids Exposure
To confirm whether liver cells expressing COX-2 exhibit
higher insulin sensitivity and are protected against IR,
CHL (human) and NCL (murine) cells, with (CHL-C, NCL-C)
or without (CHL-V, NCL-V) COX-2 expression were treated
with 600 mmol/L palmitate for 16 h and then stimulated
with 10 nmol/L insulin for 15 min. As shown in Supple-
mentary Fig 7A–C, CHL-C and NCL-C cells per se showed
a higher increase in Akt phosphorylation in response to
insulin than CHL-V and NCL-V cells. Moreover, when cells
were treated with palmitate to induce IR, CHL-C and
NCL-C exhibited a higher Akt phosphorylation in re-
sponse to insulin than CHL-V and NCL-V, thus reinforc-
ing the results obtained in vivo in hCOX-2–Tg mice.
DISCUSSION
The current study has demonstrated that constitutive
expression of COX-2 in hepatocytes protects against
steatosis, adiposity, inflammation, and hepatic IR in
mice under HFD, implicating the lack of COX-2 expres-
sion under these circumstances as a novel key player in
Table 1—Biochemical and metabolic characteristics of hCOX-2–Tg mice after HFD
RCD HFD
Wt hCOX-2–Tg Wt hCOX-2–Tg hCOX-2–Tg+DFU
TG (mg/dL) 23.80 6 2.70 23.66 6 4.51 35.78 6 3.08* 23.28 6 1.89# 32.59 6 1.63*†
Cholesterol (mg/dL) 101.78 6 12.98 72.71 6 10.72 232.17 6 25.68* 147.78 6 9.13z*# 207.90 6 15.33*†
NEFAs (mEq/L) 18.69 6 2.21 16.79 6 2.77 23.44 6 2.96* 14.17 6 2.43# 21.69 6 4.42*†
Insulin (ng/mL) 0.94 6 0.30 0.72 6 0.17 1.73 6 0.36* 1.46 6 0.13* 2.23 6 0.66*
Adiponectin (pg/mL) 7.21 6 0.72 6.99 6 1.64 6.08 6 1.11 8.05 6 0.35# 4.94 6 0.61*†
Leptin (pg/mL) 7.61 6 2.07 3.82 6 0.64* 24.93 6 1.81* 21.29 6 1.49*# 24.95 6 0.89*†
Adiponectin-to-leptin ratio 0.95 1.83* 0.24 0.38# 0.20
HOMA-IR (AU) 19.01 6 2.89 14.46 6 0.92# 23.43 6 0.63
PGE2 (pg/mL) 9.43 6 1.16 14.18 6 1.10* 8.98 6 0.35 12.04 6 0.48*# 8.03 6 0.34†
Plasma levels of TGs, cholesterol, NEFAs, insulin, leptin, and adiponectin from Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU mice fed the
RCD or the HFD for 12 weeks. The adiponectin-to-leptin ratio, HOMA-IR, plasma PGE2 levels from Wt, hCOX-2–Tg, and hCOX-2–
Tg+DFU mice fed with the RCD or HFD. Data are expressed as means 6 SE for four to six mice of each experimental group. *P , 0.05
vs. Wt-RCD. #P , 0.05 vs. Wt-HFD. †P , 0.05 vs. hCOX-2–Tg–HFD. AU, arbitrary units.
Table 2—Hepatic mRNA expression of proinflammatory cytokines in hCOX-2–Tg mice
RCD HFD
Gene Wt hCOX-2–Tg Wt hCOX-2–Tg hCOX-2–Tg+DFU
Tnfa 1 0.65 6 0.32 2.36 6 0.79* 1.13 6 0.38# 1.55 6 0.66
Il1b 1 1.47 6 0.30 3.16 6 1.01* 1.52 6 0.26# 1.47 6 0.88
Il6 1 0.44 6 0.10* 2.16 6 0.68* 0.63 6 0.20# 1.67 6 0.81
Hepatic mRNA levels of proinflammatory cytokines IL-6, IL-1b, and TNF-a measured by real-time quantitative PCR normalized to the
expression of 36b4 mRNA. Values represent fold relative to Wt under the RCD condition. Data are expressed as means 6 SE for four to
six mice of each experimental group. *P , 0.05 vs. Wt-RCD. #P , 0.05 vs. Wt-HFD.
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the development of obesity-associated metabolic dysfunc-
tion. Importantly, the leanness of hCOX-2–Tg mice is
associated with increased systemic EE, enhanced thermo-
genesis, and fatty acid oxidation in the liver. Furthermore,
pharmacological inhibition of COX-2 with DFU reverts to
the situation of the Wt mice.
Our previous results (12), by using this transgenic
model, demonstrated a protective role of COX-2 against
liver injury in an experimental model of streptozotocin-
mediated hyperglycemia. The current study reveals that
hCOX-2–Tg mice exhibit increased insulin sensitivity in
basal conditions and after HFD and are protected against
HFD-induced glucose intolerance, steatosis, and adiposity.
Recent studies suggested that COX-2 expression in eWAT
protects against obesity by an increase in thermogenic
activity (19). Moreover, this effect has been attributed
principally to COX-2–derived PGE2 (20). In agreement
with this, the reduced adiposity found in hCOX-2–Tg
mice under HFD could be explained as a consequence of
elevated EE caused by increased substrate consumption.
In this way, circulating liver-derived PGE2 might be sufficient
for the induction of thermogenic genes in adipose tissues, all
of these contributing to protection against HFD-induced
obesity and improvement of glucose homeostasis. This was
supported by the enhanced thermogenic gene expression
found in iWAT and BAT of hCOX-2–Tg mice under the
HFD condition or cold exposure and by the induction of
UCP-1 protein levels in brown preadipocytes stimulated
with PGE2.
Elevation of circulating fatty acids and proinflam-
matory adipokines secreted by WAT reduces insulin
sensitivity in liver and skeletal muscle (21), and adi-
pose tissue inflammation has been correlated with he-
patic steatosis in humans (22). Our results show that
hCOX-2–Tg mice did not develop the common increase
in fat mass and enhanced adipocyte hypertrophy that
is shown in Wt mice under the HFD condition. In
agreement with these data, plasma and hepatic TGs,
cholesterol, and NEFAs levels were lower in hCOX-2–
Tg mice, and these mice also showed decreased plasma
insulin and leptin and increased adiponectin levels.
Moreover, proinflammatory markers were also lower
in hepatic tissue from hCOX-2–Tg mice compared
with Wt after the HFD. Altogether, these parameters
indicate that the beneficial effects on obesity and glu-
cose homeostasis in hCOX-2–Tg mice might be due to
decreased inflammation.
When Wt and hCOX-2–Tg mice were fed the HFD, we
found an important protection against steatosis and IR
versus Wt mice. Moreover, we found significant differences
in the expression of key enzymes and transcription fac-
tors implicated in lipogenesis and b-oxidation, such as
Pparg, Scd1, Ppara, Cpt1a, and CD36, indicating an in-
crease in b-oxidation in hCOX-2–Tg mice under the HFD
condition. Recent results have implicated hepatic fatty
acid translocase CD36 upregulation with IR and steatosis
in nonalcoholic steatohepatitis and chronic hepatitis C
(23). In addition, the positive effects of COX-2 on inflam-
mation and IR are evidenced by the prevention of obesity
through increased EE and RER.
The phosphatidylinositide 3-kinase/Akt and AMPK
pathways play a central role in integrating diverse survival
Table 3—Hepatic mRNA expression of genes related to lipogenesis, lipolysis, and b-oxidation in hCOX-2–Tg mice
RCD HFD
Gene Wt hCOX-2–Tg Wt hCOX-2–Tg
Cpt1a 1 1.15 6 0.04 1.70 6 0.20* 2.87 6 0.27*#
Pgc1a 1 0.68 6 0.22 1.00 6 0.13 0.99 6 0.14
Acox1 1 0.73 6 0.20 1.92 6 0.24* 1.18 6 0.39
Ppara 1 1.61 6 0.18* 2.54 6 0.10* 4.41 6 0.14*#
Pparg 1 0.16 6 0.04* 5.95 6 0.09* 2.94 6 0.07*#
Acaca 1 0.94 6 0.18 1.21 6 0.36 0.89 6 0.16
Fasn 1 1.59 6 0.43 1.32 6 0.72 1.09 6 0.35
Scd1 1 0.64 6 0.24 2.25 6 0.23* 1.46 6 0.09*#
Lipc 1 0.87 6 0.17 1.05 6 0.18 1.18 6 0.16
Lipe 1 0.82 6 0.08 1.70 6 0.06* 1.80 6 0.56
Pnpla2 1 0.97 6 0.17 1.68 6 0.56 2.55 6 0.53
Cd36 1 0.67 6 0.18 6.30 6 0.38* 3.65 6 0.22*#
hcox2 1 7,365.5 6 453.8* 1.04 6 0.43 6,749.9 6 266.2*#
mpges1 1 1.58 6 0.39 0.84 6 0.35 1.68 6 0.32*#
CyclinD1 1 1.34 6 0.08* 1.10 6 0.21 1.51 6 0.25*#
Bcl2 1 1.13 6 0.11 0.96 6 0.20 1.57 6 0.35*#
Hepatic mRNA levels measured by real-time quantitative PCR normalized to the expression of 36b4 mRNA. Values represent fold
relative to Wt under the RCD condition. Data are expressed as means 6 SE for four to six mice of each experimental group. *P , 0.05
vs. Wt-RCD. #P , 0.05 vs. Wt-HFD.
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signals. Moreover, Akt phosphorylation is a critical node
of the insulin-signaling pathway, being that tyrosine-
phosphorylated insulin receptor substrate-1 is an upstream
mediator of its activation (1). It is known that the Akt
pathway is a target of prostaglandins and that Akt phos-
phorylation is enhanced in the liver of hCOX-2–Tg mice
compared with the Wt mice, thus reinforcing the survival
pathways (12). In Wt liver, the HFD impaired insulin-
stimulated Akt phosphorylation, and this effect was pre-
vented in hCOX-2–Tg mice. This situation was paralleled
in murine- and human-derived liver cells overexpressing
COX-2. The increase in the phosphorylated (p)Akt-to-Akt
ratio in hCOX-2–Tg mice under RCD and HFD conditions
may be due, besides intracellular signaling, to a direct Akt
activation through COX-2–dependent PGE2 acting via
EP2/EP4 Gbg dimers, as reported by Rizzo (24). Notably,
the effect of PGE2 pretreatment on Akt phosphorylation
observed in isolated hepatocytes confirmed that COX-2–
derived prostanoids can be responsible for this effect.
Thus, the improved insulin sensitivity in vivo reflected
by hepatic Akt activation found in hCOX-2–Tg mice might
contribute to the amelioration of HFD-derived deleterious
metabolic effects as exacerbated lipogenesis and hepatic
TG content.
AMPK-a1 is known to protect mice from diet-induced
obesity and IR. AMPK-a1 knockdown in mice enhanced
adipocyte lipid accumulation, exacerbated the inflamma-
tory response, and induced IR (25). We showed that
AMPK was phosphorylated in liver cells expressing COX-
2 under basal conditions and after liver injury (16). In-
deed, AMPK phosphorylation and its downstream gene
Cpt1a, which regulates a rate-controlling step of fatty
acid oxidation transferring long-chain acyl-CoA into the
mitochondria, were increased in hCOX-2–Tg mice under
the HFD condition. Cellular lipid content is determined by
the balance between fatty acid oxidation and lipid storage
as TGs. Because the ability of AMPK to induce lipid oxi-
dation is considered an important feature for insulin sen-
sitization (26), this might also contribute to the beneficial
effects of COX-2 expression in hepatocytes on insulin
sensitivity.
In addition to the molecular mechanisms mentioned
above, differences in insulin signaling between Wt and
hCOX-2–Tg mice after the HFD could reflect differential
expression of negative modulators of the early steps of
insulin signaling. Among them, PTP1B was a likely can-
didate given its ability to directly dephosphorylate the
insulin receptor and its expression being induced by
Figure 3—Increased energy expenditure in hCOX-2–Tg mice under the HFD condition. VO2 (A), VCO2 (B), RER (C), locomotor activity (D),
EE (E ), and average cage temperature (F) in HFD-fed Wt, hCOX-2–Tg, and hCOX-2–Tg+DFU mice were measured in 12-h light/dark cycles.
Data are expressed as means 6 SE for four mice in each experimental group. *P < 0.05 vs. Wt-HDF; #P < 0.05 vs. hCOX-2–Tg-HFD.
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inflammatory mediators (27). PTP1B-knockout mice are
protected against obesity-induced inflammation and pe-
ripheral IR during aging (28). In agreement with these
data, PTP1B protein was upregulated in the liver of
HFD-fed Wt mice but not in hCOX-2–Tg mice, suggest-
ing that COX-2–dependent prostaglandins might pro-
tect from the elevation of PTP1B during obesity. In
addition, PTP1B modulates leptin sensitivity (29), and
decreased leptin levels are found in hCOX-2–Tg mice in
both RCD and HFD conditions, suggesting a possible
cross talk between COX-2–derived signals and leptin.
Henkel et al. (30) reported that PGE2 produced in
Kupffer cells interrupts the intracellular insulin signaling
in hepatocytes through serine phosphorylation of insulin
receptor substrate-1 via EP3 receptor-dependent ERK1/2
activation. Moreover, they demonstrated that the EP3
receptor in hepatocytes is expressed at higher levels
than the other isoforms (30). However, our results
show that the liver of Wt and hCOX-2–Tg mice expresses
comparable levels of all of the EPs receptors (EP1–4; data
not shown) indicating a different molecular mechanism of
action. Our in vivo data in the hCOX-2–Tg model, char-
acterized by a continuous production of PGE2 in the liver,
clearly show enhanced insulin-mediated Akt phosphoryla-
tion partly due to decreased PTP1B levels under the HFD
condition. Therefore, the view emerging from this study is
that prostaglandins synthesized by other liver cells
(Kupffer or stellate) are not sufficient to cope for the
beneficial effects observed when hepatocytes are able to
express COX-2.
In conclusion, the current study demonstrates that
expression of COX-2 in hepatocytes protects against
adiposity, inflammation, and hepatic IR in mice under
the HFD condition, pointing to COX-2 as a potential
therapeutic target against obesity-associated metabolic
dysfunction. Stable analogs of PGE2, such as 16,16dmPGE2,
resembling COX-2 overexpression (31), could be adminis-
tered to treat steatosis or IR. In fact, PGE1 and PGE2 and
Figure 4—Enhanced thermogenic-related genes in hCOX-2–Tg
mice. A: Ucp1, Dio2, and Prdm16 mRNA levels were measured in
iWAT and BAT by real-time quantitative PCR and normalized to the
expression of 36b4 mRNA. Values represent fold relative to Wt un-
der the HFD condition. Data are expressed as means 6 SE for six
mice of each experimental group. *P < 0.05 vs. Wt-HFD. B: Mice
were maintained at 28°C for 1 week and then at 4°C for 6 h. Ucp1,
Dio2, and Prdm16mRNA levels were measured in iWAT and BAT by
real-time quantitative PCR and normalized to the expression of
36b4 mRNA. Results are means 6 SE for four to six mice of each
experimental group. Data are expressed as fold change relative to
Wt or hCOX-2–Tg at thermoneutrality. *P < 0.05 vs. cold exposure
Wt. C: BAT precursor stromal vascular fraction cells were stimu-
lated with PGE2 (1 mmol/L) or noradrenalin (NA) (1 mmol/L) as a pos-
itive control for 24 h, and UCP-1 expression was analyzed by
Western blot. Data are expressed as means 6 SE for three different
experiments. *P < 0.05 vs. control without stimulation.
Figure 5—COX-2 expression enhances insulin signaling in liver of
mice fed the HFD. A: Representative Western blot analysis of Wt
and COX-2–Tg liver under RCD or HFD; nontreated (2Ins) or treated
(+Ins) with 0.75 units/kg insulin (Ins) for 15 min before being killed.
B: Ratios phosphorylated (p)-Akt/Akt and p-AMPK/AMPK after den-
sitometric analysis of Western blot data normalized using b-actin as
control. Data are expressed as means 6 SE for four to six mice of
each experimental group. *P< 0.05 vs. Wt (2Ins); #P< 0.05 vs. Wt-
HFD (2Ins).
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their analogs are used in the clinic to improve moderate
hypercholesterolemia among other liver pathologies (32).
Furthermore, these results support caution with use of
COX inhibitors in patients with obesity, type 2 diabetes,
or nonalcoholic fatty liver disease.
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Original articleSIRT1 enhances glucose tolerance by
potentiating brown adipose tissue functionMarie Boutant 1, Magali Joffraud 1, Sameer S. Kulkarni 1, Ester García-Casarrubios 2,3,
Pablo M. García-Roves 3,4, Joanna Ratajczak 1,5, Pablo J. Fernández-Marcos 6, Angela M. Valverde 2,3,
Manuel Serrano 6, Carles Cantó 1,*ABSTRACT
Objective: SIRT1 has been proposed to be a key signaling node linking changes in energy metabolism to transcriptional adaptations. Although
SIRT1 overexpression is protective against diverse metabolic complications, especially in response to high-fat diets, studies aiming to understand
the etiology of such benefits are scarce. Here, we aimed to identify the key tissues and mechanisms implicated in the beneficial effects of SIRT1
on glucose homeostasis.
Methods: We have used a mouse model of moderate SIRT1 overexpression, under the control of its natural promoter, to evaluate glucose
homeostasis and thoroughly characterize how different tissues could influence insulin sensitivity.
Results: Mice with moderate overexpression of SIRT1 exhibit better glucose tolerance and insulin sensitivity even on a low fat diet. Euglycemic-
hyperinsulinemic clamps and in-depth tissue analyses revealed that enhanced insulin sensitivity was achieved through a higher brown adipose
tissue activity and was fully reversed by housing the mice at thermoneutrality. SIRT1 did not influence brown adipocyte differentiation, but
dramatically enhanced the metabolic transcriptional responses to b3-adrenergic stimuli in differentiated adipocytes.
Conclusions: Our work demonstrates that SIRT1 improves glucose homeostasis by enhancing BAT function. This is not consequent to an
alteration in the brown adipocyte differentiation process, but as a result of potentiating the response to b3-adrenergic stimuli.
 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords SIRT1; Energy homeostasis; Insulin resistance; Brown adipose tissue1. INTRODUCTION
SIRT1 is a NADþ-dependent protein deacetylase and the best studied
mammalian homolog of the yeast enzyme Sir2, a protein with an
established capacity to influence yeast replicative lifespan [1]. In
mammals, SIRT1 targets include a constellation of transcription fac-
tors and enzymes with key roles in mitochondrial biogenesis, lipid
catabolism, cholesterol homeostasis and gluconeogenesis [1]. Studies
using SIRT1 activating compounds (STACs) in mammals have high-
lighted how SIRT1 might have pleiotropic metabolic benefits. Dietary
supplementation with STACs led to increased mitochondrial biogen-
esis in diverse mouse tissues, including skeletal muscle and brown
adipose tissue (BAT), which in turn protected against high-fat diet
(HFD)-induced obesity and many of its metabolic comorbidities [2].
The specificity of these compounds, however, has been called into
question and is still unclear [3]. To overcome this problem, transgenic
mouse models with a moderate SIRT1 overexpression were gener-
ated. In them, a single copy of a large genomic construct (174 kb)
containing the entire Sirt1 gene in its natural genomic context was
integrated [4]. This led to a 2e4-fold overexpression of SIRT1 in1Nestlé Institute of Health Sciences (NIHS) SA, EPFL Campus, Quartier de l’Innovation, B
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While similar to wild-type (WT) mice when fed low fat diets (LFD),
SIRT1Tg/ mice were protected against HFD-induced insulin resis-
tance, despite similar body weight gain [4]. These observations were
confirmed in an independent SIRT1 overexpressing mouse line
(SirBACO) generated by the Accili lab [5]. In light of the above results,
we reasoned that the generation of a homozygous transgenic mouse
(SIRT1Tg/Tg) might lead to a more marked phenotype, likely closer to
that observed with STACs. Here, we describe how SIRT1Tg/Tg mice
display enhanced energy expenditure (EE), glucose tolerance and
insulin sensitivity even when fed an LFD. We demonstrate that this
phenotype stems from a higher BAT activity and that SIRT1Tg/Tg mice
do not show major muscle or liver functional changes on LFD. Using
immortalized brown adipocytes from SIRT1 transgenic mice we
further demonstrate that the effects of SIRT1 on BAT biology do not
derive from differences in the brown adipocyte differentiation process,
but from a higher response to b3-adrenergic stimuli. Altogether, our
work illustrates how SIRT1 gain-of-function can improve insulin
sensitivity by acting as a gauge for the BAT response to b3-adrenergic
stimuli.âtiment G, Lausanne CH-1015, Switzerland 2Instituto de Investigaciones Biomédicas
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2. MATERIAL AND METHODS
2.1. Animal care
The SIRT1 transgenic model has already been described in Ref. [4]. In
contrast to that publication, we used homozygote transgenic male
mice SIRT1Tg/Tg which had been backcrossed to C57Bl/6N back-
ground. Unless otherwise specified, mice were kept in a standard
temperature- and humidity-controlled environment with a 12:12-h
lightedark cycle. Mice had nesting material and ad libitum access
to water and commercial LFD or HFD (D12450J and D12492,
respectively, from Research Diets Inc.). All animal experiments were
carried according to national Swiss and EU ethical guidelines and
approved by the local animal experimentation committee under
licenses 2519 and 2519.1-3. For thermoneutrality studies, mice were
housed in temperature controlled cabinets at 30 C.
2.2. Animal phenotyping
All clinical tests were carried out according to standard operational
procedures (SOPs) established and validated within the Eumorphia
program (http://empress.har.mrc.ac.uk/) [6]. Mice were weighed and
the food consumption was measured each week on the same day.
Body composition was determined by Echo-MRI (Echo Medical Sys-
tems, Houston, TX, USA) and oxygen consumption (VO2), respiratory
exchange ratios (RER) were monitored by indirect calorimetry using the
comprehensive laboratory animal monitoring system (CLAMS; Co-
lumbus Instruments, Columbus, OH, USA). EE was estimated using VO2
and VCO2 values from indirect calorimetry, using the following equa-
tion: EE (in kJ/h)¼ (15.818 VO2)þ (5.176 VCO2) [7]. Food intake
and activity (horizontal (XD) and vertical (Z)) was also monitored using
the CLAMS during a 24 h period. Daily voluntary activity was measured
by providing a running wheel to the mice and monitoring the running
distance. Grip tests, treadmill and cold tests were performed as pre-
viously described in Ref. [8]. Maximal running speed and VO2 were
evaluated using a calorimetric treadmill (Columbus instruments, Co-
lumbus, OH, USA) with an incremental speed protocol. During the run,
VO2 and VCO2 were measured. The experiment was stopped when
mice showed obvious signs of exhaustion. Glucose and insulin toler-
ance was analyzed by measuring blood glucose following intraperi-
toneal injection of 2 g/kg glucose or 0.3 U insulin/kg (human insulin
actrapid, Lilly), respectively, after a 12 h fast. For HFD-fed mice, the
insulin dose was increased to 0.75 U/Kg. Unless otherwise specified,
animals were sacrificed at 8 a.m. after a 12 h fast, in order to stabilize
systemic parameters and to allow the measurement of blood
biochemistry in the fasting state. Blood samples were collected in
EDTA-coated tubes and plasma was isolated after centrifugation.
Plasma insulin was determined in plasma samples using specific
ELISA kits (Merck Millipore, Darmstadt, Germany). All other plasma
parameters were measured using Dimension Xpand Plus (Siemens
Healthcare Diagnostics AG, Dudingen, Suisse). Tissues were collected
upon sacrifice and flash-frozen in liquid nitrogen.
2.3. Hyperinsulinemic-euglycemic clamp
Hyperinsulinemic-euglycemic clamps were performed at Phyiogenex
(Physiogenex SAS, France) according to standardized procedures,
following the Guide for the Care and Use of Laboratory animals and
French laws. Mice (n ¼ 12 per genotype) underwent a surgery pro-
cedure to insert a catheter in the femoral vein. Clamp was performed
five days post-surgery on 6 h fasted mice. Following a first blood
collection, mice received a bolus of D-[3-3H] glucose and then
radiotracer (30 mCi/min/kg) infusion started for up to 210 min. Insulin
was simultaneously infused at 4 mU/kg/min for the first 100 min and atMOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published by Elsevier GmbH. This is an open access article u
www.molecularmetabolism.com12 mU/kg/min for the last 110 min. Glucose infusion rate was adjusted
according to blood glucose levels until the two respective euglycemic
steadystates were reached. Moreover, 1 h before the end of the clamp,
a bolus injection of 14C-2Deoxy-Glucose was performed. At the end of
the 210-minute perfusion, mice were euthanized, several tissues were
collected and 14C-radioactivity was measured to determine glucose
utilization in epididymal and sub-cutaneous WAT, brown adipose tis-
sue, vastus lateralis skeletal muscle and liver.
2.4. Respirometry studies
Respirometry studies in homogenates from freshly extracted BAT and
liver or in permeabilized EDL muscle were performed using high-
resolution respirometry (Oroboros Oxygraph-2k; Oroboros In-
struments, Innsbruck, Austria), as described previously in Ref. [9] with
minor modifications. All respirometry experiments were performed on
fresh tissues immediately following dissection. Liver and BAT were
homogenized (mechanical permeabilization) in amino acid-depleted
respirometry medium (0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lacto-
bionate, 10 mM KH2PO4, 20 mM HEPES, and 110 mM sucrose, pH 7.1)
and the equivalent of 2 mg wet tissue was added to the experimental
chamber. Glycolytic EDL skeletal muscle was placed in relaxing buffer
(in mM: 2.8 Ca2K2EGTA, 7.2 K2EGTA, 5.8 ATP, 6.6 MgCl2, 20 taurine,
15 Na2 phosphocreatine, 20 imidazole, 0.5 dithiothreitol, and 50 MES,
pH 7.1) immediately after dissection, and fibers were gently separated.
Following sarcolemmal permeabilization in relaxing buffer supple-
mented with 0.005% (wt/vol) saponin, the tissue was equilibrated in
respirometry medium [in mM: 0.5 EGTA, 3 MgCl2, 60 K-lactobionate,
20 taurine, 10 KH2PO4, 20 HEPES, 110 sucrose and 0.1% (wt/vol)
bovine serum albumin, pH 7.1]. Thereafter, skeletal muscle fibers were
blotted forw30 s to remove the excess of medium and 1.0e2.5 mg of
tissue was added to each chamber. All the tissues were assessed in
respirometry medium. Oxygen flux (denoted as “Leak” in figures) was
measured by adding malate (final concentration 2 mM), pyruvate
(10 mM) and glutamate (20 mM) in the absence of ADP. Complex I-
driven oxidative phosphorylation (denoted as “C I” in figures) was
quantified by the addition of ADP (5 mM; 0.5 mM for tests in BAT). This
was followed by the addition of succinate (10 mM) for convergent
electron flow through both complex I and II (denoted as “C I þ II” in
figures). Subsequently, carbonylcyanide-4-(trifluoromethoxy)-phenyl-
hydrazone (FCCP) was titrated to achieve maximum flux through the
electron transfer system (denoted as “ETS” in figures). Finally, electron
transport through complex I (denoted as “ETS C II” in figures) and III
was inhibited by the sequential addition of rotenone (0.1 mM) and
antimycin A (2.5 mM), respectively. The remaining O2 flux after inhi-
bition with Antimycin A (O2 flux independent of the ETS) was sub-
tracted from the values of each of the previous steps. O2 flux values are
expressed relative to tissue wet weight per second.
2.5. Western blotting
Cells were lysed in lysis buffer (50 mM TriseHCL pH7.5, 150 mM NaCl,
EDTA 5 mM, NP40 1%, sodium butyrate 1 mM, protease inhibitors).
Proteins were quantified using BCA assay (Pierce). For western blot-
ting, proteins were separated by SDS-PAGE and transferred onto
nitrocellulose membranes. Antibodies are listed in Supplemental
Table 1. All spliced together non-contiguous lanes from the same
gels are marked using a thin black line and noted in the figure. The
images for the full, unedited gels are available upon request.
2.6. Determination of mitochondrial vs. nuclear DNA ratio
Total genomic DNA was extracted from liver, skeletal muscle
(gastrocnemius) and brown adipose tissue using a DNeasy Blood andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 119
Original articleTissue kit (Qiagen) according to the manufacturer’s instructions.
Mitochondrial and nuclear DNA (COX2 and HK2, respectively) were
measured by quantitative PCR using SYBR Green. Primers are listed in
Supplemental Table 2.
2.7. RNA extraction and qPCR
Total mRNA from all studied tissues was extracted according to the
instructions provided by the manufacturer, using TRIZOL (Life technol-
ogies). The mRNA concentration was measured using a Nanodrop 1000
(Thermo Scientific, Wilmington, MA). Conversion to cDNA was per-
formed using SuperScript II (Life technologies) with oligo (dT2), Random
Hexamers primers and RNAsine (Roche) according to the protocol
provided by the manufacturer. Quantification of mRNA expression was
performed using the SYBR Green real time PCR technology (Roche).
Reactions were performed in duplicate in a 384-well plate using the
Light Cycler (Roche). Primers are listed in Supplemental Table 2. Gene
expression was normalized with b2-microglobulin and cyclophillin as
housekeeping genes. Relative gene expression between genotypes was
assessed through the DDCt method [10].
2.8. Microarray
Illumina microarrays were used to profile the gene expression levels of
approximately 25,000 genes, in the BAT of WT and SIRT1Tg/Tg mice
(n¼ 6 per group). The mRNA samples were hybridized on a single chip
and raw microarray data were analyzed using the Illumina genome
studio software. The results of the microarray are available in the GEO
database with the accession number GSE62324. To test for sets of
related genes that might be systematically altered in SIRT1Tg/Tg BAT,
we used a Gene Set Enrichment Analysis (GSEA), a method which
combines information from the members of previously defined sets of
genes (e.g. curated biological pathways) to increase signal relative to
noise and improve statistical power to detect subtle changes [11].
Complete details on the method for this analysis are available on the
http://www.broad.mit.edu/gsea website. Briefly, genes from the
microarray were first ranked according to the expression difference
(signal to noise ratio) between genotypes. The extent of association
was then measured by a non-parametric running sum statistic termed
the enrichment score (ES), and the maximum ES (MES) was recorded
over each gene set. Permutation tests were used to assess the sta-
tistical significance of the MES, which is calculated as the fraction of
the 100 random permutations of the gene list in which the top pathway
gave a stronger result than that observed in the actual data. The un-
adjusted nominal P value estimates the statistical significance of a
gene set without adjusting for gene set size or multiple hypothesis
testing, whereas the false discovery rate (FDR) statistic adjusts for
both. In this analysis, an FDR of approximately 30% was considered
acceptable. The nominal P-values for the gene set are indicated in the
corresponding panels.
2.9. Citrate synthase activity
Citrate synthase activity was performed on tissue accordingly to the
protocol of Sigma’s Citrate Synthase Assay Kit (CS0720).
2.10. Triglycerides and glycogen content
Triglycerides and Glycogen content were performed on tissue
accordingly to the protocol of Bioassay System Assay Kit (ETGA-200
and E2GN-100, respectively).
2.11. Lipolysis
Lipolysis was determined on freshly extracted tissues using the ZenBio
assay kit (LIP-3-NC), incubating the tissues in assay buffer supplemented120 MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published bywith a vehicle or with isoproterenol 1 mM during 5 h at 37 C under
agitation and then glycerol release were measured.
2.12. Cell culture
Primary brown adipocytes cells were obtained from the interscapular
BAT of WT or SIRT1 transgenic mice and immortalized as previously
described in Ref. [12]. Immortalized brown pre-adipocytes were grown
in “growth medium” (GM) (DMEM supplemented with 10% FBS, 20 nM
Insulin, and 1.5 nM 3,30,5 Triiodothyronine (T3)). For differentiation,
cells were growth until 90% confluence with GM and next stimulated
during 36 h with “differentiation medium” (GM supplemented of
0.5 mM dexamethasone, 1 mM rosiglitazone, 0.125 mM indomethacin
and 0.5 mM isobutylmethylxanthine (IBMX)). Then, cells were culti-
vated in GM until final differentiation (day 6 of differentiation). Adipo-
cytes are fully differentiated when they exhibited multilocular lipid
droplets in their cytoplasm. For experiments, norepinephrine (A0937,
SIGMA) or CL316,243 (C5976, SIGMA) were added to GM at 1 mM
concentrations unless otherwise specified.
2.13. Statistical analyses
Statistical analyses were performed with Prism software (GraphPad).
Differences between two groups were analyzed using Student’s t test
(two-tailed), and multiple comparisons were analyzed by ANOVA with a
Bonferroni post hoc test. A P-value less than 0.05 was considered
significant. Data are expressed as means  SEM.
3. RESULTS
3.1. SIRT1Tg/Tg mice display higher energy expenditure and
glucose tolerance
SIRT1Tg/Tg mice displayed a moderate SIRT1 overexpression in skeletal
muscle, liver, white adipose tissue (WAT) and BAT, both at the mRNA
and protein levels (Figure 1A,B). In contrast to the heterozygous mice,
where changes were reported to be 2e4-fold [4], up to 10-fold in-
creases in SIRT1 expression were observed in the WAT from SIRT1Tg/Tg
mice. When fed an LFD, SIRT1Tg/Tg mice displayed a similar body
weight (Figure 1C) and composition (Figure 1D) as WT mice. However,
SIRT1Tg/Tg showed a marked increase in O2 consumption and EE both
during the light and the dark phases (Figure 1E and Figure S1A-B). The
respiratory exchange ratio (RER) of SIRT1Tg/Tg mice was lower than in
WT mice during the light phase, indicating a higher use of lipid energy
substrates (Figure 1F and Figure S1C). The bigger amplitude in RER
changes between the light and dark phases (Figure 1F) suggests an
enhanced flexibility to shift between carbohydrate and lipid energy
sources. While food intake was similar between genotypes (Figure 1G),
the CLAMS analysis revealed a clear tendency to decreased activity in
SIRT1Tg/Tg mice (Figure S1D). The lower spontaneous activity of
SIRT1Tg/Tg mice was more evident when daily voluntary activity was
analyzed in regular housing cages (Figure 1H). This is an interesting
aspect, as SIRT1Tg/- mice also showed a tendency towards lower
activity on LFD [4], and this decrease was largely significant in the
SirBACO mice [5]. Also, the treatment with STACs has been reported to
decrease spontaneous activity in mice [8,13]. Hence, systemic SIRT1
activation might reduce spontaneous activity, which could explain why
SIRT1Tg/Tg mice have a similar body weight despite higher EE.
We next evaluated if the marked differences of SIRT1Tg/Tg mice on en-
ergy homeostasis could have an impact on glucose metabolism. Blood
glucose and insulin levels were similar between WT and SIRT1Tg/Tg
mice, either in the fed or fasted state (Table 1). SIRT1Tg/Tg mice, how-
ever, displayed a higher glucose tolerance (Figure 2A) and response to
insulin (Figure 2B), based on intraperitoneal glucose and insulinElsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Evaluation of energy homeostasis in SIRT1Tg/Tgmice. (A, B) 20week-oldwild-type (WT) and SIRT1Tg/Tg (Tg)micewere sacrificed tomeasure (A) themRNA and (B) protein levels
of SIRT1 in the indicated tissues. (C, D) Three months old WT and Tg mice were fed ad libitum with a low fat diet and (C) body weight and (D) body composition were measured through
EchoMRI. (E) Oxygen consumption (VO2) and (F) Respiratory exchange ratio (RER) were measured by indirect calorimetry using a comprehensive laboratory animal monitoring system
(CLAMS). (G) Food intake ameasured during the indirect calorimetry tests. (H) Voluntary wheel running activity wasmeasured in 20-week-oldWT and Tgmice. All values are presented as
mean SEM of n¼ 10e14 mice for each genotype. *indicates statistical significant difference between WT (white bars and circles) and Tg mice (black bars and circles) at P< 0.05.tolerance tests, respectively. In order to evaluate the key tissues
contributing to the higher glucose tolerance and insulin response, we
performed a hyperinsulinemic-euglycemic clamp onWT and SIRT1Tg/Tg.
Both phenotypes required similar glucose infusion rates (GIR) at lowTable 1 e Blood biochemistry.
Parameters WT (n ¼ 6) Tg (n ¼ 6)
Glycemia (mg/dL) e Fed 150.63  3.12 155.14  6.01
Glycemia (mg/dL) e Fasted 75.67  4.8 81.14  5.1
Insulinemia (ng/mL) e Fed 2.73  0.34 2.74  0.30
Insulinemia (ng/mL) e Fasted 1.10  0.21 1.05  0.10
Triglycerides (mmol/L) 1.08  0.13 1.50  0.19
Free Fatty Acid (mmol/L) 0.63  0.11 0.75  0.09
Total Cholesterol (mmol/L) 2.8  0.2 2.8  0.2
HDL-Cholesterol (mmol/L) 2.78  0.15 2.74  0.25
LDL-Cholesterol (mmol/L) 0.11  0.03 0.09  0.02
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levels were raised to asses peripheral glucose uptake (12 mU/kg/min),
SIRT1Tg/Tg mice required a significantly higher GIR (Figure 2C). In these
conditions, insulin equally decreased hepatic glucose production in both
genotypes (Figure 2D), illustrating that differences in hepatic function do
not account for the higher GIR rate. Glucose disposal rates were also
calculated for individual tissues in response to the insulin challenges.
Glucose uptakewas similar between genotypes in skeletal muscle, liver,
epididymal and sub-cutaneous WAT (Figure 2E). In contrast, BAT
glucose uptake was higher in SIRT1Tg/Tg mice (Figure 2E) suggesting
that BAT is the main responsible for the higher GIR required to maintain
euglycemia in SIRT1Tg/Tg mice.
These observations contrast with those in SIRT1Tg/ mice, where
higher glucose tolerance was only observed on HFD [4,5]. In this
sense, SIRT1Tg/Tg mice also displayed a strong protection
against glucose intolerance (Figure S2A) and insulin resistancender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 121
Figure 2: SIRT1 overexpression improves insulin sensitivity through higher BAT glucose uptake. (A) An intraperitoneal glucose tolerance test and (B) an introperitoneal insulin
tolerance test were performed on 4-month-old WT and Tg mice. Area under the curve (AUC) or area above the curve (AAC) calculations are present on the top right of each glucose
excursion. (CeE) Hyperinsulinemic-euglycemic clamp was performed on WT and SIRT1Tg/Tg mice fed on low fat diet. Glucose Infusion Rate (GIR) measured at two different levels of
insulin infusion (4 and 12 mU/kg/min) (C), glucose fluxes (D) and Glucose uptake in different tissues (inguinal sub-cutaneous and epididymal WAT, BAT, vastus lateralis skeletal
muscle and liver) (E) are represented. All values are presented as mean  SEM of n ¼ 12e14 mice for each genotype. * indicates statistical significant difference between WT
(white bars and circles) and Tg mice (black bars and circles) at P < 0.05.
Original article(Figure S2B) on HFD, despite a similar body weight gain as WT
mice (Figure S2C).
3.2. Skeletal muscle and liver are not affected in SIRT1Tg/Tg mice
on low fat diet
The fact that SIRT1Tg/Tg mice did not display higher insulin sensitivity in
skeletal muscle is in line with recent reports using transgenic models
with even higher SIRT1 overexpression [14,15]. However, these results
do not rule out other possible contributions of SIRT1 transgenesis to
muscle metabolic properties. In this sense, mitochondrial biogenesis
and higher oxidative capacity are believed to be two key metabolic
actions triggered by SIRT1 in skeletal muscle [16]. To further explore
these areas, we first, submitted the mice to grip and treadmill tests in122 MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published byorder to evaluate muscle force and endurance, respectively. However,
none of them were improved by SIRT1 transgenesis (Figure 3A,B). In
line with this, no differences in maximal running speed or maximal VO2
could be found between genotypes (Figure S3A-B). No structural or
oxidative profile differences were observed between the gastrocne-
mius muscles of WT and SIRT1Tg/Tg mice, based on succinate dehy-
drogenase stainings (data not shown). WT and SIRT1Tg/Tg mice also
showed no differences when evaluating mitochondrial vs. nuclear DNA
ratios (Figure 3C), citrate synthase (CS) activity (Figure 3D) or the levels
of mitochondrial-related mRNAs and proteins in gastrocnemius muscle
(Figure 3E,F). The protein content of mitochondrial respiratory complex
subunits was also unaffected in highly oxidative (soleus) or glycolytic
(EDL) muscles (Figure S3C). Interestingly, an upregulation of severalElsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com
Figure 3: Muscle function is not affected by SIRT1 transgenesis. (A) Muscle force was evaluated in wild type (WT) and SIRT1Tg/Tg (Tg) mice through a grip test. (B) Running
distance was evaluated by submitting mice to an endurance treadmill test. (C) Mitochondrial DNA content in gastrocnemius muscle was measured and normalized to nuclear DNA
copy number. (D) Citrate synthase activity was measured in quadriceps muscle. (E) Total mRNA was extracted from gastrocnemius muscles and used for qPCR analysis of the
markers indicated. (F) Protein analysis of mitochondrial markers in total homogenates of quadriceps muscle (thin black lines on gels are used for lanes that were run on the same
gel but were non-contiguous). (G) Oxidative phosphorylation and electron transfer system capacity in permeabilitzed EDL muscle fibers of WT and Tg mice. All values are presented
as mean  SEM of n ¼ 8e10 mice for each genotype. * indicates statistical significant difference between WT (white bars and circles) and Tg mice (black bars and circles) at
P < 0.05.transcriptional regulators, such as the peroxisome proliferator-
activated receptor-a (PPARa) and the Forkhead O box (FOXO) 1 and
3a, was observed in SIRT1Tg/Tg muscles. However, the above results
suggest that these changes were not enough to affect muscle
endurance and mitochondrial function. To further substantiate the lack
of differences in mitochondrial function between WT and SIRT1Tg/Tg
mice, we performed respirometry analyses in permeabilized EDL
muscle fibers. Uncoupled respiration (leak) through complex I, stim-
ulated with malate, pyruvate and glutamate, was not affected by SIRT1
transgenesis (Figure 3G). Similarly, maximal respiration in the coupled
state, with electron input through complex I alone (C I) or through
complex I þ II e after the addition of succinate e (C I þ II) wasMOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published by Elsevier GmbH. This is an open access article u
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port system (ETS) capacity was also similar, even after the addition of
the complex I inhibitor rotenone (ETS CII) (Figure 3G). Hence, no major
differences in mitochondrial function could be observed in the skeletal
muscle from WT and SIRT1Tg/Tg mice.
Next, we also examine the consequences of SIRT1 transgenesis in liver
tissue on LFD. While the hyperinsulinemic-euglycemic clamp revealed
no major effects of SIRT1 transgenesis in liver glucose turnover on LFD
(Figure 2D,E), the liver accounts for the benefits of SIRT1 transgenesis
on glucose metabolism upon HFD [4,5]. To further evaluate hepatic
glucose metabolism in our SIRT1Tg/Tg mice on LFD diet, we challenged
the mice with a pyruvate tolerance test. After the injection of pyruvate, ander the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 123
Original articlegluconeogenic precursor, glucose excursions were comparable be-
tween WT and SIRT1Tg/Tg mice (Figure 4A). We also failed to detect
differences between the two genotypes on histological Oil red’O stain-
ings (Figure 4B) or at the level of hepatic triglyceride or glycogen content
(Figure 4C,D). As inmuscle, no changes could be found onmitochondrial
DNA content (Figure 4E), on CS activity (Figure 4F) or at the mRNA and
protein level of several mitochondrial components (Figure 4G,H). In line
with the comparable response to pyruvate, the expression of key glu-
coneogenic genes, such as glucose 6-phosphatase (G6Pase) and
phopho-enol-pyruvate carboxylase (PEPCK), was similar between ge-
notypes (Figure 4G). As in muscle, some transcriptional regulators ofFigure 4: Hepatic function is not critically affected by SIRT1 transgenesis. (A) Blood gluco
after an overnight fast (bar ¼ 600 mm) (C, D) Hepatic triglyceride (C) and glycogen (D) cont
and normalized to nuclear DNA copy number. (F) Citrate synthase activity in liver. (G) Tot
Protein analysis of mitochondrial markers in total liver homogenates (thin black lines on
Oxidative phosphorylation and electron transfer system capacity in liver homogenates of W
genotype. * indicates statistical significant difference between WT (white bars and circles
124 MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published bylipid metabolism were upregulated, including PPARa, FOXO1 and
FOXO3a (Figure 4G). Interestingly, respirometry analyses revealed a
higher complex II activity in SIRT1Tg/Tg livers (Figure 4I). However, based
on the absence of differences in hepatic metabolism upon pyruvate and
insulin challenges, the physiological relevance of these increases is
unclear.
3.3. Brown adipose function is improved in SIRT1 transgenic mice
The lack of effects on WAT insulin response in SIRT1Tg/Tg mice on LFD
(Figure 2E) was in line with the absence of differences in the weight of
different WAT depots (Figure S4A) or their histological aspectse curves after a pyruvate (2 g/kg) challenge. (B) Oil Red’O staining in WT and Tg livers
ent was measured after an overnight fast. (E) Mitochondrial DNA content was measured
al liver mRNA was extracted and used for qPCR analysis of the markers indicated. (H)
gels are used for lanes that were run on the same gel but were non-contiguous). (I)
T and Tg mice. All values are presented as mean  SEM of n ¼ 8e10 mice for each
) and Tg mice (black bars and circles) at P < 0.05.
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(Figure S4B). Accordingly, we found no alterations in mitochondrial
function (Figure S4C) or lipolytic capacity (Figure S4D) in the WAT of
SIRT1Tg/Tg mice.
Finally, we focused on the BAT function in SIRT1Tg/Tg mice, as it is the
tissue most likely explaining the differences in glucose homeostasis
between genotype (Figure 2E). Strikingly, the color of the BAT from
SIRT1Tg/Tg mice was more intense (Figure 5A), likely due to a lower
accumulation of lipids, as reflected in the much smaller lipid droplets
observed through hematoxylin/eosin staining (Figure 5B). We next
evaluated BAT thermogenic function by placing the mice at 6 C and
monitoring body temperature for 5 h. While no significant differences on
the basal state, SIRT1Tg/Tg mice maintained better their body temper-
ature during the cold challenge (Figure 5C), suggesting a higher ther-
mogenic activity. As in other tissues, we found no differences betweenFigure 5: Brown adipose function is improved in SIRT1 transgenic mice. (A) Pictures of br
the BAT of wild type (WT) and SIRT1Tg/Tg (Tg) mice (bar ¼ 600 mm) (C) Brown adipose
Mitochondrial DNA content in BAT from WT and Tg mice, normalized to nuclear DNA copy
BAT from WT and Tg mice (thin black lines on gels are used for lanes that were run o
expression profiles of BAT from WT and Tg mice. (G) Total mRNA was extracted from BAT
capacity in BAT. (I) Citrate synthase activity in BAT from WT and Tg mice. (J) Lipolysis was
WT and Tg BAT using the acetylation status of RelA(p65) and FOXO1 as readout. All valu
statistical significant difference between WT (white bars and circles) and Tg mice (black
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content of respiratory complexes subunits at protein and mRNA levels
(Figure 5E and Figure S5A, respectively). To infer the possible mech-
anisms by which SIRT1Tg/Tg mice displayed altered BAT function, we
performed microarray analyses (results available in the GEO database
with the accession number GSE62324). Geneset enrichment revealed a
strongly significant (nominal P-value< 0.01) increase of genes related
to fatty acid metabolism and, more in particular, lipid catabolism
(Figure 5F and Figure S5B). The microarray results were validated by
quantitative real-time PCR (qPCR), which confirmed that genes related
to b-oxidation were strongly induced in the BAT of SIRT1Tg/Tg mice
(Figure 5G). This way, key genes for lipid oxidation, such as the long-
chain acyl-CoA dehydrogenase (LCAD), the medium-chain acyl-CoA
dehydrogenase (MCAD) or the carnitine palmitoyltransferase 1bown adipose tissue (BAT) from WT and Tg mice. (B) Hematoxylin and eosin stainings on
thermogenic function was evaluated by placing WT and Tg mice at 6 C for 5 h. (D)
number. (E) Western Blots were performed to evaluate the protein levels of proteins in
n the same gel but were non-contiguous). (F) Gene set enrichment analyses of gene
and used for qPCR analysis. (H) Oxidative phosphorylation and electron transfer system
evaluated by measuring glycerol release in isolated BAT. (K) SIRT1 activity was tested in
es are presented as mean  SEM of n ¼ 8e10 mice for each genotype. * indicates
bars and circles) at P < 0.05.
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Original article(CPT1b), were significantly elevated in SIRT1Tg/Tg mice (Figure 5G). This
was, again, in line with an upregulation of PPARa and FOXOs. Inter-
estingly, the protein and mRNA levels of the uncoupling protein UCP1
were also elevated in SIRT1Tg/Tg BAT (Figure 5E and G, respectively).
The key role of UCP1 in energy dissipation could explain the higher EE
(Figure 5E,F) and thermogenic potential (Figure 5C) observed in
SIRT1Tg/Tg mice. In line with this, respirometry analyses revealed an
almost 2-fold increase in uncoupled respiration (leak) in the BAT from
SIRT1Tg/Tg mice, and a higher maximal ETS capacity (Figure 5H).
Concordantly, CS activity was also increased (Figure 5I). Finally, we
examined the lipolytic rates in WT and SIRT1Tg/Tg BATs. The results
obtained illustrate how the basal lipolytic rates in the BAT from SIRT1Tg/
Tg are w20% higher than those of their control WT mice (Figure 5J).
This result is in line with the higher basal phosphorylation of the hor-
mone sensitive lipase (HSL) observed in protein homogenates
(Figure 5E), and could explain the lower lipid accumulation observed
through histology (Figure 5B). Also, the mRNA level of the type II
iodothyronine deiodinase (DIO2) was also increased in the BAT of
SIRT1Tg/Tg mice, supporting a higher catabolic rate (Figure 5G). Alto-
gether, these data suggest that SIRT1Tg/Tg mice have a higher ther-
mogenic function and lipid oxidation-related gene expression in BAT.
While SIRT1 activation has been classically linked to enhanced mito-
chondrial biogenesis [1] mitochondrial content was not affected in the
BAT from SIRT1Tg/Tg mice, despite a markedly higher SIRT1 activity, as
testified by the reduced acetylation of NFkB and FoxO1 (Figure 5K).
3.4. SIRT1 transgenesis affects BAT response to adrenergic
stimulation
We next aimed to understand whether the changes in BAT biology
elicited by SIRT1 transgenesis were derived from alterations in the BAT
differentiation process or on its function. For this purpose, we
immortalized primary brown pre-adipocytes from WT and SIRT1
transgenic mice. SIRT1 transgenesis did not affect the cellular
morphology (Figure 6A), lipid droplet accumulation (Figure S6A) and TG
content (Figure 6B) of the cultured brown adipocytes. Brown adipocyte
differentiation markers, such as Prdm16, Cidea and PPARg, were
similarly induced at the mRNA and protein level after differentiation
between the two genotypes (Figure 6C,D). In line with this, the mRNA
expression of these markers in adult BAT from WT and SIRT1Tg/Tg mice
was also similar (Figure 6G). These analyses also confirmed that SIRT1
overexpression levels in undifferentiated and differentiated transgenic
immortalized brown adipocytes are comparable to those in the SIRT1
transgenic BAT (Figures 1A,B and 6D). Hence, SIRT1 overexpression
does not affect brown adipocyte differentiation. Strikingly, while Ucp1
expression, both at the mRNA and protein level, increased upon dif-
ferentiation of WT brown adipocytes, it did much less in the brown
adipocytes from SIRT1 transgenic mice (Figure 6D,E). A recent pub-
lication indicated that SIRT1 can amplify the transcriptional response to
PKA signaling [17]. We hence reasoned that the increased UCP1 levels
observed in SIRT1Tg/Tg BAT could be consequent to a higher response
of SIRT1 transgenic adipocytes to b3-adrenergic stimulation. To test
this hypothesis, we analyzed the response of differentiated brown
adipocytes to adrenergic stimulation using norepinephrine (NE) or the
synthetic agonist CL316,243 (CL). Both agents induced a comparable
increase in p-HSL after 5 h of treatment (Figure 6F). This indicates that
early signaling responses to b3 stimulation are not altered by SIRT1
transgenesis. However, the transcriptional response of Ucp1 to NE or
CL was dramatically enhanced in SIRT1 brown adipocytes (Figure 6F,G
and Figure S6B). The enhanced transcriptional response to b3 agonists
in SIRT1 transgenic adipocytes was certified using another adrenergic
target in the BAT, the PPARg coactivator 1a (PGC-1a) [17]126 MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published by(Figure S6C). The transcriptional responsiveness of SIRT1 transgenic
adipocytes to adrenergic stimulation was higher at concentrations as
low as 10 nM, as testified by Ucp1 mRNA analyses (Figure 6G).
Similarly, SIRT1 transgenic brown adipocytes achieved maximal Ucp1
transcriptional response to adrenergic stimulation at earlier time-
periods than WT adipocytes (Figure 6H). Thus, our results indicate
that SIRT1 grants brown adipocytes with a higher transcriptional
responsiveness to b3 agonists.
3.5. Thermoneutrality blunts the differences in glucose
homeostasis of SIRT1Tg/Tg mice
The results above illustrate that, upon adrenergic stimulation, SIRT1
transgenic adipocytes have an exacerbated transcriptional response
(Figure 6G,H) that allows them to recover UCP1 protein levels to
comparable levels of that of WT mice even within a few hours
(Figure 6F). We reasoned that if this stimulation had a chronic char-
acter, this could lead to even further increases and explain the higher
activity of BAT in SIRT1Tg/Tg mice. In this sense, it must be taken into
account that at regular housing conditions (w20e22 C), mice are
below thermoneutrality, which leads to a basal stimulation of the BAT
thermogenic function. Considering the above results, this chronic basal
adrenergic tone could be responsible for the higher BAT function, Ucp1
expression and EE observed in SIRT1Tg/Tg mice. To test this hypothesis,
we housed WT and SIRT1Tg/Tg mice at thermoneutrality (30 C), which
blunts thermogenic activity [18]. In turn, this would allow us to evaluate
whether the enhancement of BAT function is responsible for the higher
glucose tolerance and insulin sensitivity of SIRT1Tg/Tg mice on LFD.
After one month at thermoneutrality, SIRT1Tg/Tg and WT mice were
undistinguishable at the level of body weight (Figure 7A), body
composition (Figure 7B) and food intake (Figure S7A). As in normal
housing conditions the total activity of the SIRT1Tg/Tg mice was also
reduced at thermoneutrality (Figure S7C). Importantly, however,
thermoneutrality blunted the effect of SIRT1 transgenesis on VO2
(Figure 7C), EE (Figure S7B) and RER (Figure S7D) that we previously
observed in normal housing conditions (Figure 1E,F). In addition,
thermoneutrality also abrogated the higher glucose tolerance and in-
sulin sensitivity of SIRT1Tg/Tg mice (Figure 7D,E). Interestingly, a higher
glycemia was clearly observed in SIRT1Tg/Tg mice 15 min after a
glucose load (Figure 7D), even though the physiological relevance of
this difference is unclear. These evidences, together with the results
obtained during hyperinsuilnemic-euglycemic clamp (Figure 2E),
clearly demonstrate that enhanced BAT function is the primordial event
by which SIRT1Tg/Tg mice are granted better glucose homeostasis in
regular housing conditions. Thermoneutrality increased the lipid
droplet size in the BAT of both WT and SIRT1Tg/Tg mice (Figures 5B and
7F), and rendered both genotypes histologically undistinguishable.
Similarly, the higher basal expression of lipid oxidation-related genes
observed in SIRT1Tg/Tg mice was blunted on thermoneutral conditions
(Figure 7G). Interestingly, we observed a dramatic reduction in Ucp1
expression in the BAT of SIRT1Tg/Tg compared to that of WT mice
(Figure 7G), which is very reminiscent of the lower Ucp1 mRNA levels
observed in cultured primary brown adipocytes. This substantiates that
the higher Ucp1 levels in mice housed at normal conditions are
consequent to an exacerbated response to a basal adrenergic tone. As
expected, thermoneutrality lowered uncoupled respiration (leak) in
both WT and SIRT1Tg/Tg mice (Figures 5H and 7H). While similar
respiratory profiles were observed in the BAT from WT and SIRT1Tg/Tg
mice on thermoneutrality, we noted a tendency to a lower respiratory
leak in SIRT1Tg/Tg mice (Figure 7H), in line with the decrease in Ucp1
expression. Interestingly, thermoneutrality did not affect the higher
Complex II activity in the livers of SIRT1Tg/Tg mice (Figures 4H and 7H).Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: SIRT1 transgenic adipocytes display an exhacerbated response to b3-adrenergic stimulation. Brown pre-adipocytes from wild-type (WT) and SIRT1 transgenic (Tg) mice
were isolated and immortalized. (A) The morphology of immortalized brown adipocytes was evaluated before (day 0) and after (day 6) differentiation. (B) Total triglyceride content in
differentiated brown adipocytes was evaluated. (C) Total mRNA levels were extracted from pre-adipocytes and differentiated adipocytes and used for qPCR analysis. (D) Total
protein extracts were used to evaluate diverse differentiation markers in differentiated and undifferentiated adipocytes. (E) Ucp1 expression was measured in total mRNA extracts of
differentiated brown adipocytes. (F) Differentiated WT and Tg adipocytes were stimulated with 1 mM of norepinephrine (NE) or 1 mM of CL316,243 (CL) during 5 h at 37 C. Then,
total proteins were extracted and used for western blot analysis. (G) WT and Tg brown adipocytes were treated with CL in a doseeresponse fashion for 5 h at 37 C and then total
mRNA was extracted to measure Ucp1 expression. (H) WT and Tg brown adipocytes were treated with 1 mM CL and incubated at 37 C. Then, total mRNA was extracted at the
times indicated to measure Ucp1 expression. All values are presented as mean  SEM of at least n ¼ 4 independent experiments, each of them run in triplicate. * indicates
statistical significant difference between WT (white bars and circles) and Tg mice (black bars and circles) at P < 0.05.On one side, this testifies for the BAT-specific impact of the inter-
vention. On the other, it argues that the increase in Complex II activity
in the liver is not responsible for the better glucose tolerance of
SIRT1Tg/Tg mice on regular housing conditions. Finally, we evaluated
whether thermoneutrality also blunted the higher lipolytic rates we
observed in SIRT1Tg/Tg mice on non-thermoneutral conditions
(Figure 5J). As expected, thermoneutral conditions decreased lipolytic
rates in WT mice, as noticed when comparing the values obtained in
Figure 5J (white bar; 2.80  0.25 mmol/(mg of tissue*h)) and at
thermoneutral conditions (Figure 7I, white bar, 1.51 0.22 mmol/(mg
of tissue*h)). Thermoneutrality also blunted the higher lipolytic ratesMOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published by Elsevier GmbH. This is an open access article u
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them undistinguishable from WT mice (Figure 7I).
4. DISCUSSION
While SIRT1 activation has been linked to diverse metabolic health
benefits, the key tissue(s) responsible for such actions remain elusive.
Mouse models with a moderate SIRT1 overexpression have shown a
key protective role for SIRT1 on liver function upon HFD [4,5]. Here we
describe how the expression of just one additional copy of SIRT1 to
that of previous works [4,19], is sufficient to enhance BAT activity,nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 127
Figure 7: Thermoneutrality blunts the insulin-sensitizing effect of SIRT1 transgenesis. Three months old WT and Tg mice were fed ad libitum with low fat diet and placed at
thermoneutrality (30 C) for one month before phenotyping. Then, (A) Body weight and (B) body composition were measured using Echo-MRI. (C) O2 consumption was evaluated
using a comprehensive animal laboratory monitoring system; (D) An intraperitoneal glucose tolerance test and (E) an insulin tolerance test were performed on 4 months old mice.
(F) Hematoxylin and eosin stainings of BAT from WT and Tg mice (bar ¼ 600 mm). (G) Total mRNA was extracted from BAT and used for qPCR analysis. (H) Oxidative phos-
phorylation and electron transfer system capacity in BAT (top) and liver (bottom) of WT and Tg mice. (I) Lipolysis rates were evaluated by measuring glycerol release from BAT. At
the bottom HSL and p-HSL levels were evaluated in total BAT protein extracts. All values are presented as mean  SEM of n ¼ 12 mice for each genotype. * indicates statistical
significant difference between WT (white bars and circles) and Tg mice (black bars and circles) at P < 0.05.
Original articleleading to increased EE and improved glucose homeostasis even on
LFD.
SIRT1 transgenesis did not affect BAT differentiation, yet it dramatically
enhanced BAT transcriptional responses to b3-adrenergic stimulation.
Hence, the chronic adrenergic tone taking place in mice housed below
thermoneutrality drives a higher basal BAT function in SIRT1Tg/Tg mice.
In agreement with our results, the SirBACO model has an exacerbated
transcriptional response of thermogenic genes after an acute cold
exposure [17]. In this case the authors proposed a mechanism in
which PKA activation led to the phosphorylation of a residue in the
catalytic domain of SIRT1, Ser434, which led to an increase in intrinsic
SIRT1 enzymatic activity [17] in the absence of changes in NADþ
levels. In line with this, we did not observe changes in the BAT NADþ
levels between WT and SIRT1Tg/Tg mice (Figure S5C). Further efforts
from the Accili lab have demonstrated how SIRT1 amplifies the128 MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published bybrowning response of WAT in response to cold stimuli [20]. Altogether,
these works and ours certify the ability of SIRT1 to amplify the
response to b3-adrenergic stimuli. Strikingly, the SirBACO model did
not display a basal BAT phenotype [5,17]. Our results on thermo-
neutrality, however, indicate that small differences in the adrenergic
tone can even drive to opposite outcomes of SIRT1 on thermogenic
gene expression. This way, SIRT1 transgenesis led to a lower Ucp1
expression in primary brown adipocytes and in BAT from animals at
thermoneutral conditions. The repressive action of SIRT1 on Ucp1 is in
line with the role of SIRT1 as an energy sensor triggering adaptations
aimed to optimize energy production [1]. Accordingly, SIRT1 represses
Ucp2 expression in pancreatic b-cells [21,22]. The ability of SIRT1 to
shift from a corepressing to a coactivating function on thermogenic
gene sets might be determined by environmental cues enhancing, in
this case, PKA signaling. In this sense, SIRT1 has also been describedElsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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as both a positive and negative regulator of PGC-1a and, hence,
mitochondrial biogenesis [23,24]. In fact, the simultaneous activation
of AMPK signaling is key to determine the outcomes of SIRT1 action on
PGC-1a activity and mitochondrial gene expression [25]. In this sense,
we did not observe changes in AMPK activity in our SIRT1Tg/Tg model,
which might explain the lack of impact on mitochondrial gene
expression (Figure S5D). This highlights how small differences in
environmental conditions can critically influence SIRT1 actions, which
might have strong implications not only for the evaluation of transgenic
mouse models, but also for genetic association studies in humans.
Interestingly, higher EE and glucose tolerance were also observed in
the first generated model of SIRT1 moderate overexpression [26]. A
particularity of that model was a high expression of the transgene in
WAT and BAT, but not in the liver or skeletal muscle [26]. More
recently, it has been shown that the deletion of SIRT1 in adipose tis-
sues is enough to drive body weight gain and metabolic dysfunction in
mice [27]. Conversely, the selective overexpression of SIRT1 in the
adipose tissues enhances EE and prevents age-related insulin resis-
tance [28]. Our results refine all these studies by establishing SIRT1
action in the BAT as the key determinant of whole body thermogenic
function, EE and glucose homeostasis. Importantly, the higher SIRT1
content did not manifest into an overt phenotype in liver or muscle.
Likely, the activity of SIRT1 needs to be triggered by either hormonal or
nutritional inputs. In liver, this might only take place upon HFD, when
liver phenotypes are clearly observed in SIRT1 transgenic mice [4,5].
The lack of phenotype in skeletal muscle is not entirely surprising, as
mice with much higher SIRT1 overexpression in muscle also fail to
display any overt alteration [14,15]. Thus, endogenous SIRT1 levels
might be able to account for all the necessary SIRT1 activity required to
trigger metabolic adaptations in this tissue. Our results also contrast
with the largely accepted notion that SIRT1 is a master regulator of
mitochondrial biogenesis. In agreement with previous observations [4],
the protein or mRNA levels of mitochondrial respiratory complexes
were unaffected in SIRT1Tg/Tg tissues. This, does not rule out, however,
that SIRT1 overexpression at a higher (>100-fold), non-physiological,
level can impact mitochondrial gene expression [14,29].
While SIRT1 can potentially impact on multiple transcriptional pro-
grams, lipid oxidation-related gene sets were the most significantly
upregulated in the BAT from SIRT1Tg/Tg mice. In fact, SIRT1 trans-
genesis increased PPARa, FOXO1 and FOXO3a expression in all tis-
sues examined, certifying an intimate link between SIRT1 and these
transcriptional regulators in the control of lipid catabolism. Previous
reports have demonstrated the ability of SIRT1 to interact with PPARa
and enhance its transcriptional activity on lipid catabolism-related
genes [30,31]. In this model, SIRT1 would enhance PPARa activity
by deacetylating PGC-1a in the PPARa transcriptional complex
[30,31]. Conversely, SIRT1 deletion leads to a dramatic decrease in the
expression of PPARa target genes, at least in liver [30]. FOXOs are
directly deacetylated by SIRT1, an action that targets FOXO activity
onto specific gene sets, including oxidative stress genes [32]. Knock-in
mice expressing a FOXO1 form mimicking constitutive deacetylation
displayed a marked use of lipid as energy source and enhanced
lipolytic response to isoproterenol [33], in line with our findings.
However, the potent effect of FOXO1 deacetylation on gluconeogenic
gene expression [33] is not manifested in our SIRT1Tg/Tg mice. This
would confirm that, despite similar overexpression levels in both tis-
sues, SIRT1 transgenesis has a deeper impact in the BAT than in liver,
at least on LFD. PPARa and FOXOs, in addition, might also constitute
key mediators of the action of SIRT1 on Ucp1 expression, as both
directly regulate the Ucp1 promoter in brown fat cells [12,34].MOLECULAR METABOLISM 4 (2015) 118e131  2014 The Authors. Published by Elsevier GmbH. This is an open access article u
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insulin-stimulated glucose uptake in the BAT? One possibility is that
higher lipolytic rates and prevention of fat deposition (Figure 5J and B,
respectively) might spare the BAT from the accumulation of lipid
species that could potentially interfere with insulin signaling, such as
ceramides or diacylglycerols (DAGs) [35]. While excessive lipolysis in
the WAT can be detrimental for whole body insulin sensitivity [36], this
is generally associated with a lipid overflow onto other tissues. In
contrast, the higher lipolytic flux in the BAT of SIRT1Tg/Tg mice is fully
met by an increase in mitochondrial fatty acid oxidation capacity and
uncoupling activity. In skeletal muscle, HSL activity seems to be a
critical determinant of insulin sensitivity, as it can prevent ATGL-driven
accumulation of DAGs and the consequent disruption of insulin
signaling [37]. In this sense, the higher HSL activity in the BAT of
SIRT1Tg/Tg mice might act in a similar fashion. In HFD, lower inflam-
mation was a key mechanism by which SIRT1Tg/- mice retained he-
patic insulin sensitivity [9]. Interestingly, in our microarrays, cytokine
and inflammatory pathways were two of the most significantly
downregulated gene-sets in the BAT of SIRT1Tg/Tg mice (Figure S5B),
suggesting that a lower baseline inflammation state might also
contribute to its higher insulin sensitivity. Recently, using a BAT
transplantation model, it has been shown that increasing BAT function
promotes an increase in FGF21 and IL-6 expression, which could act in
an endocrine fashion to alter insulin sensitivity in other peripheral
tissues [38]. This, however, is not the case in our model, as enhanced
insulin sensitivity is not manifested in muscle or eWAT (Figure 2E).
Accordingly, we failed to detect differences in BAT FGF21 or IL-6
expression between genotypes (data not shown).
A final aspect for discussion is whether SIRT1 activation via trans-
genesis is comparable to that achieved via improving NADþ avail-
ability. In theory, at similar NADþ levels, SIRT1 activity will increase
directly in line with increases in expression, unless SIRT1 over-
expression decreases NADþ content via excessive consumption. This
is not the case in the BAT of SIRT1Tg/Tg mice, where SIRT1 activity is
higher, based on the evaluation of NFkB and FOXO1 acetylation
(Figure 5K), without affecting NADþ levels (Figure S5C). Hence, SIRT1
transgenesis should ensure a linear increase in SIRT1 activity with the
level of overexpression, at least up to a certain threshold. The efficacy
of NADþ boosting strategies on SIRT1 activity, however, depends on
whether intracellular NADþ levels are rate-limiting for SIRT1 activity in
the basal state. Dietary supplementation with the NADþ precursor
nicotinamide riboside (NR) leads to SIRT1 activation in the BAT [39].
This suggests that basal NADþ levels are rate-limiting for SIRT1 ac-
tivity in the BAT. However, a NADþ precursor will fail to activate SIRT1
if NADþ is not rate-limiting or in tissues with limited capacity to
metabolize the precursor into NADþ. In the case of NR, additionally, it
also leads to the activation of other sirtuins, such as SIRT3, by
increasing NADþ content in the mitochondrial compartment [39,40].
Therefore the comparison between transgenic and NADþ-related
SIRT1 gain-of-function models should be taken carefully. In the case of
STACs, resveratrol and SRT1720 have major effects on BAT activity
[8,13]. However, STACs have also marked effects in skeletal muscle
oxidative capacity and prevent body weight gain on HFD [8,13]. None
of these effects have been observed in this or previous studies using
models of moderate SIRT1 overexpression [4,5]. Therefore, either
STACs increase SIRT1 activity in muscle in a much more stronger
fashion than the above mentioned SIRT1 gain-of-function mouse
models, or some effects might be influenced by off-target actions on
other molecular paths regulating energy metabolism, as discussed
recently in Ref. [1].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 129
Original articleAltogether, this manuscript describes a key physiological role of SIRT1
in BAT biology and establishes SIRT1 as a sensitive gauge for the
adrenergic response of the BAT, a property that could be exploited for
therapeutic approaches aimed to ameliorate glycemic control.
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